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ABSTRACT
Four reclaimed mined areas in western North Dakota ranging in age
from one to four years since mining, along with a site from a native
mixed grass prairie for comparison, were studied to quantify the early
successional changes in floristic composition, soil chemistry and plant
chemical composition. The mined sites had been contoured, topsoiled,
fertilized, and seeded. However, analysis of the seed bank in topsoil
showed that the most dominant colonizers immigrate after topsoiling. Of
the 95 species encountered, Kochia scoparia was the most dominant in the
first two years following mining. Kochia had relatively low densities
2in the first year (50-80/m ), but were robust and attained heights
2of 88 cm with a biomass of about 400 g/m . In the second year, the
2plant densities increases to over 10,000/m but the height and
2biomass were reduced to 15 cm and 90 g/m . However, during the 
third and fourth years Kochia density declined and was practically non­
existent by the fourth year, while the planted Agropyron grasses had 
concomitantly increased. Other pioneers like Amaranthus retroflexus, 
Chenopodium album, Helianthus annuus, Salsola spp., and Setaria spp. 
showed a less abrupt but similar decline. Chemical analysis of the 
soils over the same time period showed decreases in electrical conduc­
tivity (E.C.) and in the concentrations of Ca, Mg, Na, Li, Sr, and 
S04 (due to leaching), while organic matter (O.M.) increased.
xiv
Field studies were conducted on the interspecific relations of the 
dominant species during early succession - Kochia, Salsola collina and 
Agropyron spp. It was found that Kochia and Salsola acted as "nurse" 
crops for several months during the first year of Agropyron spp. estab­
lishment, but then began to shade heavily by late July thus reducing 
grass tillering. Field and growth chamber experiments on the intraspe­
cific relations of Kochia demonstrated that it conformed to the laws of 
reciprocal yield, self-thinning, and constant final yield.
Autotoxicity in Kochia appears to be the main factor causing the 
decline in its density. A field experiment indicated that thinning 
dense second year Kochia stands to the density of first year stands did 
not alter the growth of Kochia, providing strong evidence for autotox­
icity. Similarly, several growth chamber experiments demonstrated that 
small amounts of decaying Kochia leaves and especially roots were toxic 
to Kochia growth, but not Melilotus officinalis or Agropyron caninum. 
Chemical analysis of the soils and tissues indicated nutritional imbal­
ances as shown by P/Zn and P/Mn ratios may be responsible for the auto­
toxicity. In addition to Kochia, a bioassay experiment showed 
allelochemics to be important in several other colonizing species. 
Results indicated that later stage species generally have greater toxic- 
ities than first year colonizers.
An analysis of the seeds present in topsoils (a grazed area, an 
ungrazed area, and two stockpiles) indicated that seeds of the most 
prevalent colonizers were not present in the topsoil upon respreading 
but rather appeared by immigration from the surrounding areas. The 
grazed site had a seed density of over 7,700 seeds/m^ (of which 43%
xv
were from weedy species) and the ungrazed site had 3,900 seeds/m 
(of which 1/ were weeds); the stockpiles of topsoil had very low seed 
densities.
Mowing of first year Kochia and Salsola just prior to seed set 
benefited the establishment of grasses, since Agropyron spp. produced 
over eight times greater biomass after mowing compared with Kochia which 
produced only one-fourth the biomass. Burning dead Kochia stems and 
seedlings in second year helped other weedy species; grass growth was 
impaired. Burning of a six year old reclaimed site resulted in signif­
icant reductions in soil water, standing dead biomass, and litter, and 
some differences in biomass of the species components; however, biomass 
of species of Agropyron increased whereas those of Stipa decreased by 
burning. Overall, no significant differences in total live biomass were 
recorded within two years after the burn.
o
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Chapter I
INTRODUCTION
"We abuse the land because we regard it as a commodity 
belonging to us. When we see the land as a community to 
which we belong, we may begin to use it with love and 
respect" (Leopold 1949).
Land is one of our most precious assets and is our major natural 
resource. From primitive times until the present, humanity has relied 
on the land for its well-being and survival. Yet as human population 
and technological demands have increased, the land has been increasingly 
exploited for fuels, minerals, and building materials and abused in the 
process. In the United States alone, 1.3 million ha of land were 
disturbed by suface mining from prehistoric times to 1965; an equivalent 
area, it is estimated, will have been disturbed between 1965-1985 (U.S. 
Department of Interior 1967, Morgan 1973). By 1985, the total land 
disturbed in the United States would thus represent an area the size of 
New Hampshire. Of the 1.3 million ha surface mined up to 1965, 41%, or 
531,000 ha, were from coal mining (Table 1). In view of the widespread 
fuel energy shortage and the increasingly important role that coal will 
play in solving it in the short term, disturbance to the land areas is 
likely to increase further. Added to this are increasing population 
pressures and the threatening world wide food shortages. Land is not an 
automatically renewable resource; we now have to exert our intellectual
1
2Table 1 The extent of land disturbed by surface mini 
United States up to 1965.
Industry Amount (ha)
Coa 1 531,360
Sand and Gravel 336,960
Stone 103,680
Gold 77,760
Phosphate 77,760
1 ron 64,800
Clay 38,880
Other (mainly copper) 64,800
g in the
Tota 1 1 ,296,000
3and technological expertise into the restoration of disturbed lands such 
that its original biological potential is realized. Hence, effective 
reclamation of mined lands has been in the 1970's and will be in the 
1980's one of the most intensely debated environmental issues as 
evidenced by numerous books being published on the subject: Wali (1973, 
1975, 1979a), National Academy of Science (1974) Chadwick and Goodman 
(1975), Thames (1977), Ripley et^  al. (1978), Holdgate and Woodman 
(1978), Schaller and Sutton (1978), and Bradshaw and Chadwick (1980).
State and federal legislation now regulates reclamation practices 
such that future ecological and agricultural features of mined lands are 
dictated by legislative mandates (Imes and Wali 1977, 1978). Of parti­
cular significance to this and future studies is the legal requirement 
that principles of succession and ecological stability shall be incorpo­
rated in devising reclamation procedures for these disturbed areas.
This study deals with several aspects of the initial succession on North 
Dakota strip mined lands.
Chapter II
THE STUDY AREAS
2.1 DESCRIPTION
The sites were located in the mixed grass prairie ecogeographic 
region (Whitman and Wali 1975), on a glaciated portion of the Missouri 
Plateau section of the Great Plains Physiographic Province in western 
North Dakota (Fig. 1). Each of the five study sites - 1,2,3 and 4 years 
after reclamation and an unmined site - were located within 3 km of each 
other, 5-7 km south of Beulah, North Dakota (47 16' N, 101 47' W; eleva­
tion 543 m for Beulah). Each site occupied 2-6 ha and had been simi­
larly treated during reconstruction, fertilization, and seeding 
following mining (Appendix I).
Jenny (1941) postulated that soil genesis was a function of time, 
climate, organisms, parent materials and topography; Major (1951) stated 
that vegetation was also a function of these five factors, plus fire. 
Each of the reclaimed sites had very similar fire history, climate and 
topography. In addition, the parent materials (and topsoil) and organ­
isms (including the seed bank) are assumed to have been roughly equiva­
lent at the time of reclamation, since all topsoil used for each site 
came from closely located, similarly structured, lightly grazed prairie. 
We then are left with time as the varying element, and can thus consider 
the four sites as a successional sequence. The unmined site was an 
occasionally grazed, native prairie and was used for comparisons.
4
Fig. 1. Location of study areas in western North Dakota.
62.2 CLIMATE
Western North Dakota has a seraiarid, continental climate with an 
annual mean precipitation of 44 cm, 74% of which falls during the 
growing season. Climatic data (taken a distance of 5 km from the sites 
used in the succession study) during the years 1974-1977 show an annual 
precipitation of 34.3, 46.7, 36.2, and 51.0 cm and frost free (growing) 
seasons of 99, 105, 130 and 159 days, respectively (Figs. 2-5)(NOAA 
1974-1977). This compares to a normal 25 year average of 43.7 cm 
precipitation and 120 frost free days (Fig. 6). Weather conditions were 
also monitored during the years 1975 -1977 at a location only 1-3 km 
from the sites. Temperatures ranged from -31 to 42° C, the relative 
humidity averaged 52% and windspeed averaged 21 km/hr, predominantly 
from the west during the three year period (Stearns-Rogers, Inc. 
1976-1978). Severe moisture deficits occurred in mid to late summer, 
with evaporation exceeding precipitation by 14.8 cm for the months June 
through September during 1975-1977. The climatographs (data presenta­
tion follows Walter and Leith 1960) for the years 1974-1977 (Figs. 2-5) 
also show the deficit periods. For identifying trends in the burn study 
(Figs. 7-8), climatographs are also presented for the years 1979-1980.
2.3 GEOLOGY AND SOILS
The study area is underlain by approximately 3000 m of sedimentary 
rock lying on Precambrian igneous and metamorphic rocks (Carlson 1973). 
The sedimentary column consists of alternating beds of limestone, 
dolomite, shale, sandstone and evaporite having varying thickness (Moran 
e_l £1^ . 1978). The uppermost units consisting of Coleharbor and
7Fig. 2. Climatograph for the year 1974 at Beulah, North Dakota.
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Fig. 5. Climatograph for the year 1977 at Beulah, North Dakota.
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Fig. 7. Climatograph for the year 1979 at Beulah, North Dakota.
Precipitation 
mm
13
41.1
31,4
o
o
BEULAH (543 M) 
1980
371 MM -140
~120
-100
30 
25 
20 
o ' 15
| 10 
£ 5
Cd
S 0 
B -5 
-10 
-15
-21.3°
-32,8° J F M A M J J A S O N D J
Fig. 8 Climatograph for the year 1980 at Beulah, North Dakota.
Precipitation 
mm
14
Sentinel Butte Formations of the Fort Union Group were disturbed by 
mining. The Sentinel Butte Formation which consists of various 
sequences of silt, clay, sand, and lignite, contains 11 major lignite 
beds. The Beulah-Zap, which is the fourth lignite bed from the top of 
the formation, is currently mined at Knife River Coal Mine near Beulah. 
The thickness of this lignite bed averages 3-4 m and is approximately 8 
m beneath the surface.
The entire area was glaciated; however, relatively little ground 
moraine was deposited and the glacial topography varies only slightly 
from bedrock topography (Carlson 1973). Since glaciation, the topog­
raphy has been modified by wind and water erosion.
Soils of the area have developed on this thin layer of glacial till 
and are Typic Haploborolls with an A horizon of approximately 25 cm 
(Omodt ej: al. 1975). The black topsoil normally has low electrical 
conductivity (E.C.<1 mmhos/cm) and low sodium adsorption ratios (SAR< 
1.0). The material beneath the topsoil typically has higher values with 
E.C. at approximately 5.6 mmhos/cm and SAR at 11.2 (Safaya and Wali 
1978). Generally, when E.C. is above 4 and SAR is above 10, deleterious 
conditions exist for plant growth (Wali and Sandoval 1975). The high 
E.C. and SAR values for the spoil material normally placed 0.3-1.3 m 
beneath the topsoil are crucial because of the recent reports of upward 
migration of salts by capillary rise (U.S.D.A. 1977, Kollman 1979). At 
any rate, the most critical variable that can be manipulated in the 
reclamation process is soil, since little can be done to alter precip­
itation and available moisture (Curry 1975).
Chapter III
METHODS OF STUDY
3.1 GROWTH CHAMBER STUDIES
Several growth chamber experiments are described in this study. To
avoid confusion, the design of each experiment is described in its
appropriate place. All experiments were conducted in a Percival growth
chamber with the following climatic conditions: 25 day/15° C night
temperature, 55-70% relative humidity, 14 hr day/10 hr dark photoperiod,
2100 microeinsteins/m /sec of photosynthetic active radiation (PAR), 
and distilled-deionized water used for irrigation. After a period of 
growth, the plants were harvested, washed, dried at 70° C to cons­
tant weight, and weighed. Plants from some experiments were further 
analyzed for nutrient and trace elements.
3.2 SOIL ANALYSIS
Soils were air-dried and passed through a 2-mm sieve. Field water 
content of the samples was determined gravimetrically. Particle size 
was determined by the hydrometer method (Bouyoucos 1951). Chemical 
characteristics of the soils from all field sites and growth chamber 
experiments were determined as follows. Saturation extracts were made 
using distilled-deionized water from which electrical conductivity 
(E.C.), pH, saturation percentages, and concentration of chloride (Cl), 
sulfate ( SO^), calcium (Ca), magnesium (Mg), sodium (Na), potassium
15
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(K) manganese (Mn), iron (Fe), zinc (Zn), lithium (Li), and strontium 
(Sr) were determined. Replaceable (water soluble + exchangeable) Ca,
Mg, K, Na, Mn, Zn, Li, and Sr were determined in 1:5 soil:IN ammonium 
acetate solutions (Wali and Krajina 1973). Chelated/complexed Fe, Mn, 
Zn, Sr, copper (Cu), nickel (Ni), cadmium (Cd), lead (Pb), aluminum 
(Al), silicon (Si), and boron (B) concentrations were determined in 
1:2.5 soil:0.02M disodiumethylenediaminetetraacetate (EDTA) extracts.
All cations, except B, were determined by atomic absorption spectropho­
tometry using standard methods (Perkin-Elmer Manual 1973). Soil phos­
phorus (P) was determined using Olsen's method (Jackson 1958) and 
percent organic matter (O.M.) was determined by the Walkley-Black method 
(Jackson 1958). Chloride was determined potentiometrically using a 
specific ion probe, and sulfate was determined turbidimetrically 
following Kollman and Wali (1976). Boron concentration was determined 
by a carmine colorimetric technique (Chapman and Pratt 1961).
3.3 PLANT ANALYSIS
For aboveground biomass determinations, harvested plants were 
segregated by species, washed, oven-dried at 70° C to constant 
weight, and weighed. Dried plant material was analyzed for nutrient and 
trace elements by the following methods: Plants were ground in a 2-mm 
Wiley Mill and digested in a 5:1 nitric acid:perchloric acid mixture. 
Total P concentration was determined by the vanadomolybdophosphoric 
yellow method (Jackson 1958). Concentrations of Ca, Mn, K, Na, Mn, Zn, 
Fe, Li, Ni, Cu, and Sr in plants were determined by atomic absorption 
spectrophotometry. Nutrient uptake values were calculated from concen­
tration and aboveground biomass (Munson and Nelson 1973).
17
3.4 STATISTICAL ANALYSIS
Several statistical tests were employed to analyze the data in this 
study. An analysis of variance was used to test the frequency of each 
species in the years after mining as well as the soil characteristics. 
Further, T-tests were used to compare mined and unmined sites. Stepwise 
regressions were run with sum total frequency, Kochia frequency, and age 
as independent variables against the soil characteristics as dependents.
For competition studies, analysis of variance was used on growth 
characteristics for the field interspecific competition experiments and 
3-way analysis of variance on the biomass and soil characteristics for 
the intraspecific competition of Kochia experiment.
In growth chamber experiments dealing with allelopathic studies, 
analysis of variance was used followed by either Dunnett's test or 
Tukey's HSD test for further comparisons (Williams 1976). A T-test was 
used to test differences between means on the field thinning experiment. 
The insect infestation section was analyzed using a 2 x 6 contingency 
table testing for association (Campbell 1974).
The seed bank study as well as the fire experiments were analyzed
by Student's T-tests.
Chapter IV
EARLY PLANT SUCCESSION AFTER MINING
4.1 INTRODUCTION
Succession refers to the changes observed in ecological communities 
over time. Suitable revegetation of mined lands is the subject of 
considerable current research; the role of pioneering species in the 
initial successional stages is an important element of this research.
Considerable erudition on succession has resulted from many studies 
on the ecological trends after glacial retreats (Crocker and Major 1955, 
Viereck 1966, Stevens and Walker 1970), mudflows (Dickson and Crocker 
1953a,b, 1954), alluvial deposits (Wright £t al_. 1959), mined iron ore 
deposits (Leisman 1957), and old abandoned fields (Whitman et al. 1943, 
Keever 1950, Quarterman 1957, Rice e£ al_. 1960, Abdul-Wahab and Rice 
1967, Bazzaz 1968, Wilson and Rice 1968, Olmstead and Rice 1970, Neill 
and Rice 1971, Rice 1974, Jackson and Willemsen 1976).
The process of succession on topsoiled mined areas is similar, but 
not identical, to that on abandoned old fields. Both types can be clas­
sified as secondary succession, as vegetation and microbial life will 
have recently been prevalent and soil present. However, succession in 
abandoned old fields occurs from the natural immigration of seeds and 
propagules, whereas the mined areas are seeded for desired plant compo­
sition. Nonetheless, comparisons can be made as similar patterns evolve 
with the establishment and subsequent elimination of the pioneering
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species. It must also be remembered that the process of plant succes­
sion demands that every successful plant species must be, at some stage, 
an invader (Harper 1965).
Only a few mined land successional studies have been done in the 
northern plains (Wali 1976, 1977, Schafer and Nielsen 1979, Jonescu 
1979). However, these studies have been conducted on orphaned mine 
spoils. To my knowledge, only Sindelar (1979) has done a successional 
study on western coal mines that have been regraded, topsoiled, ferti­
lized and seeded to a native grass mix. Current western coal raining 
laws require these general reclamation practices (Imes and Wali 1977). 
This chapter is concerned with the (1) quantitative documentation of 
changes in plant composition in the first four years after mining on 
reseeded areas; (2) documentation of the chemical and physical changes 
in soils; and (3) determination of the chemical nature of some 
pioneering species.
4.2 PROCEDURES 
Plant and soil sampling
Test sites were established in late 1976 in areas that were simi­
larly contoured, topsoiled to 20 cm, fertilized with NPK and seeded once 
to a native grass mix by the Knife River Coal Company in the fall of 
1973, 1974, 1975, and 1976 (Appendix I). These sites corresponded with 
areas 4, 3, 2 and 1 years after mining. Additionally, a native prairie 
site nearby was selected for comparative purposes.
Fifty random throws of a 0.5 X 0.5 m quadrat were used to document 
the frequency of species occurrence in each of the five areas. An
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extensive search was also conducted for infrequent species which did not 
fall within a quadrat. All sampling was done during the summer of 1977. 
The nomenclature of plants follows Van Bruggen (1976); a complete list 
of the plants encountered in this study is provided in Appendix II.
Plant samples were also collected for further chemical analysis. 
Twenty-two pioneering species were collected during July and August, 
1977, when they had reached the flowering stage of maturity; they were 
then analyzed for ten nutrients and trace elements. In addition, five 
samples of Kochia plants were collected seven times at intervals of 
three weeks on first and second year areas; a total of 70 Kochia 
samples was analyzed. Kochia scoparia and Salsola collina were also 
analyzed according to plant parts (i.e., stems, leaves, fruits, roots).
Replicated soil samples from the surface 15 cm were collected four 
times at each mined site at intervals of approximately six weeks over 
the summer of 1977, while the unmined site was sampled only in August. 
The soils were analyzed for 34 physical and chemical characteristics to 
determine changes over time.
4.3 RESULTS
Change in floristic composition
Ninety-five species representing 21 families were identified from 
the sites (Appendix II). Asteraceae was the most common family with 29 
species while Poaceae had 24; thus 55% of the total species was in 
these two families. Similar proportions were found on other mined areas 
in North Dakota (Wali and Freeman 1973), in Iowa (Glenn-Lewin 1979) and 
Saskatchewan (Jonescu 1979). Floristic patterns changed dramatically
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over the four year period after mining. A total of 44 species was found 
to be invading during the first four years after reclamation (Table 2). 
Even after four years, the species composition was different from that 
of the unmined area. Frequency of non-planted species occurrence (Table 
2) showed a direct relationship between species presence and site age. 
The species, listed in order of decreasing dominance in an age class, 
tended to either decrease or increase in prevalence as the site age 
increased. When species were grouped into similar patterns of existence 
over time, various successional stages after mining could be visualized 
(Fig. 9). For convenience of discussion, these categories were arbi­
trarily grouped into stages I-IV.
Twenty species invaded during the first year after reclamation 
(stage I species), the most important being Kochia scoparia, Setaria 
viridis, Salsola collina, Polygonum convolvulus, and Avena fatua (Table 
2). These pioneers quickly invaded the disturbed areas but were also 
quickly eliminated and their importance in the composition was minimal 
after two years.
Another group of 13 species invaded during the second year after 
reclamation, predominantly by Hordeum jubatum, Lepidium densiflorum, and 
Aster ericoides. Three additional stage II species came in the third 
year. Most of the abovementioned stage II species did not remain impor­
tant components of the system for long and none was important members of 
the unmined site under investigation.
After four years from the time of reclamation, eight more species 
had become established (stage III species). The majority of these 
species, however, seemed also to be components of the unmined site;
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Table 2. Frequency (percent) of invading species following mining; for 
comparison, data from an unmined site are provided.
SPECIES
Kochia scoparia (L.) Schrad.
Setavia viridis (L.) Beauv.
Salsola aollina Pall.
Polygonum convolvulvus L.
Avena fatua L.
Helianthus annuus L.
Salsola iberica Sennen & Pau. 
Chenopodium album L.
Amaranthus retro flexus L.
Polygonum ramosissimum Michx. 
Echinochloa crusaalli (L.) Beauv. 
Hordeum jubatum L.
Lepidium densiflorum Schrad.
Aster erieoides L.
Setaria glauca (L.) Beauv.
Bromus inermis Leyss.
Elymus canadensis L .
Xanthium strumarium L.
Conyza canadensis (L.) Cronq. 
Grindelia squarrosa (Pursh) Duna1. 
Lactuca serriola L.
Poa pratensis (L.)
Descurainia sophia (L.) Webb 
Artemisia ludoviciana Nutt.
Artemisia absinthium L.
Sisymbrium altissimum L.
Thlapsi arvense L.
Hedeona hispida Pursh.
Tragopogon dubius Scop.
Artemisia frigida W i 1 Id.
Bouteloua gracilis (G.B.K.) Griffiths 
Rosa arkansana Porter 
Aristida longiseta Steud.
Stipa comata Trin. s Rupr.
Lygodesmia ;'uncea (Pursh) D. Don 
Viola pedatifida G. Don 
Calamovilfa longifolia (Hook.) Seri bn 
Artemisia dracunculus L.
Chrysopsis villosa (Pursh) Nutt. 
Echinacea angustifolia DC.
Aster oblongifolius Nutt.
Glycyrrhiza lepidota Pursh.
YEARS
1
AFTER
2
MINING 
3 A
UNMINED
100 98 10 8 2
58 52 - - -
5A 10 - 2 18
AO 16 2 - -
30 A - - -
18 2 - -
10 - - - -
10 - - 2 -
6 - - - -
A 5A 2 1A -
2 2 - - -
36 6 2 -
- 12 6 38 -
- A 1A A 8
- A - - -
- 2 28 30 -
- 2 - - -
- 2 - - -
- 8 A -
- - 6 12 -
- - 2 16 -
- - - 38 -
- - - 10 2
- - - 8 A8
- - - A -
- - - A 6
- - - A -
- - - A 8
- - - 2 -
- - - 2 18
- - - - 82
- - - - 52
- - - - 32
- - - - 20
- - - - 18
- - - - 18
- - - - 18
- - - - 16
- - - - 16
- - - - IA
- - - 1A
- - - - 12
Table 2 - continued 23
SPECIES
YEARS AFTER MINING 
1 2 3 ^
Chenopodium leptophyllum Nutt.
Lotus purshiccnus Clem. £ Chem 
Psoralea argophylla Pursh.
Opunctia polyaantha Haw.
Koelaria pyramidata (Lam.) Beauv.
Kuhnia eupatorioides L .
Stipa spartea Tr i n .
Lithospermum incisum Lehm.
Liatris punctata Hook.
Solidago mollis Bart).
Helianthus petiolaris Nutt.
Oxytvopis lambertii Pursh.
Symphoricarpos occidentalis Hook.
Linum rigidum Pursh.
Solidago missouriensis Nutt.
Euphorbia podperae C ro i z .
Gentiana puberulenta Pringle 
Apocynum cannabinum L.
Arabis holboellii Hornem.
Andropogon gerardi \l i t .
Ratibita colurmifera (Nutt.) Woot. £ Standi.
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Fig. 9. Relative frequencies of plants on sites 1 to 4 years after 
raining and compared to an unmined site near Beulah, North 
Dako ta.
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YEARS AFTER MINING
1 2 3 4  UNMINED
NUMBER OF SPECIES
3
2
1 STAGE 1 
6 
6
64 52
13 23
5 1
11 4
i--------------------1
6
13
4
1
— i
5
7
4
6
6
1 STAGE 2
1
7 STAGE 3
7
i—
13
i—
55 43
24
1
i—
1
10
— i
5
2
27
L\l] STAGE 4 76
I------- 1
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namely, Artemesia ludoviciana, A. frigida, Sisymbrium altissimum and 
Hedeoma hispida that were present in greater frequency on the unmined 
site than the fourth year mined site. This may mean that after four 
years conditions had become conducive to the establishment of some of 
the native, more resilient species.
Finally, a large number of species was found to be present only on 
the unmined site (stage IV species). Species such as Bouteloua 
gracilis, Rosa arkansana, Aristida longiseta and Stipa comata apparently 
need considerably longer than four years to establish after mining 
disturbance, even though the areas had been topsoiled, fertilized, and 
seeded. In fact, there is no guarantee all the unmined species will 
ever establish again on the disturbed sites.
An evaluation of the planted species occurrence in the years 
following mining showed that only one of the seeded species which became 
established after mining disturbance (Agropyron cristatum) was important 
in the plant composition of the unmined site (Table 3). The cool season 
grasses, predominantly Agropyron spp., became the most important 
elements of the mined site composition, but were not important on the 
unmined site. On the other hand, the warm season grasses (Bouteloua, 
Andropogon or Stipa) did not establish quickly on the mined sites, yet 
were the most important elements in the unmined site composition. This 
is a major problem in North Dakota reclamation efforts - how can the 
establishment of the warm season grasses be hastened?
From this study it appears that a total of 20 species could be 
placed as stage I (pioneering) species, 16 as stage II, 8 as stage III 
and 42 as stage IV species. Species richness varies in the first four
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Table 3. Frequency (percent) of planted species following mining: for 
comparison, data from an unmined site are provided.
SPECIES
Agvopyvon aaniman (L.) Beauv. 
Agvopyvon smithii Rydb.
Medicago sativa L.
Melilotus officinalis (L.) Lam. 
Agvopyvon elongatum (Host) Beauv. 
Agvopyvon cvistatnm (L.) Gaertn. 
Boutelona cuvtipendula (Michx.) Torr 
Andvopogon scopavius Michx.
Stipa viviaula Trin
Agvopyvon tvichophovum (Link) Richt.
Covonilla vavia var. emevald L.
YEARS AFTER MINING UNMINED
1 2 3 b
38 9 ** 96 56 m,
16 b 6b 60 -
- 18
o
- - -
-
L
2 1*0 _
- - 2 3^ 12
- - - - 12
- - - - 10
L
_ _
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years (25, 32, 26, and 33 species including planted species) but never 
approached that of unmined areas (65 species).
Chemical composition of plants
Chemical analyses of the aboveground tissues of the 21 selected 
nearly mature stage I and stage II plants (Table 4) revealed that 
Ambrosia trifida had the highest concentration of Ca, Mn, Sr, and Li; 
Polygonum ramosissimum had the lowest concentrations of P, K, and Mn. 
Chenopodium album, a C^ species, had a very high concentration of K 
(6.98%) which could aid the species in the maintenance of a high osmotic 
potential in the tissue and allow it to compete under water deficient 
conditions. Helianthus annuus appears to be accumulating Cu, Iva xanth- 
ifolia Zn, Ambrosia trifida Mn, and Lactuca serriola Na. Echinochloa 
crusgalli had a low Sr concentration. It should be pointed out that 
concentrations of minerals in plant tissue vary with age, size, parts 
used (Table 5), and soil nutrient supply; therefore only general 
conclusions can be made from these data.
Table 4 also provides information obtained by microscopy and the 
literature on whether the mode of carbon fixation follows the or 
C4 pathway. A section of fresh Kochia scoparia leaf tissue was thin 
sectioned and photographed (Fig. 10). The anatomical characteristics 
normally associated with the metabolic pathway were apparent.
Bundle sheath cells, with tightly packed chloroplasts on periphery, were 
visible in close conjunction with the vascular bundle interior and the 
mesophyll cells exterior to the bundle sheath. Nine of the 17 stage I 
species (53%) were of the type (Tregunna and Downton 1967,
Table *». The concentrations of nutrients and trace elements in plants and their mode of carbon 
f ixat ion.
JL
Species C^/C^ P Ca Mg K Na Mn Zn Sr Cu Li
---------------------  % ----------------------------  --------------------------------- p p m --------------------------------
Stage I
Kochia scop aria 
Setaria viridis 
Salsola collina 
Polygonum convolvulus 
Avena fatua 
Helianthus annuus 
Salsola iberica 
Chenopodium album 
Amaranthus retroflexus 
Polygonum ramosissimum 
Echinochloa crusgalli 
Setaria glauca 
Amaranthus albus 
Amaranthus graecizans 
Iva xanthifolia 
Xanthium strumarium
Stage I I
Aster ericoides 
Grindelia squarrosa 
Conyza canadensis 
Lactuca serriola 
Ambrosia trifida
C4
0.26 0.7**
it
0.15 0.19
0.17 1.05
0.28 0.5**
C 3 0.19 0.29
s 0.31 0.170.16 0.68
‘ 3
0.18 0.71
0.19 0.85
C* 0.10 0.31
c? 0.13 0.22
C? 0.48 0.21
C? 0.22 0.13
cj 0.21 0.17
c! 0.29 0.17
0.28 0.14
C3 0.13 0.77
0.13 0.13
c3rJ
3
C3
0.26 0.77
0.1** 0.67
0.2** 1.7**
0.85 2.95 460 90
0.39 1.84 165 72
0.65 3.62 116 157
0.66 1.29 3 2 1 37
0.29 1 .40 78 98
0.43 2.97 142 **5
0.48 3.50 213 56
0.79 6.98 173 153
0.83 2.84 206 79
0.27 0.77 267 24
0.51 1.93 277 111
0.37 3.62 218 84
0.98 2.83 262 62
0.59 5-78 251 59
0.57 2.39 140 53
0.68 2.28 280 99
0.25 l .86 141 66
0.25 2.04 446 40
0.37 2.62 119 **9
0.25 2.33 928 44
0.88 2.22 104 218
**5 44 6.9 2.5
63 25 8.0 0.8
24 59 5.8 2.9
20 62 3.7 2.7
32 22 3.7 2.3
83 135 17.2 3.1
29 **9 5.0 2.0
5** 56 7.** 3.0
55 99 6.4 2.1
25 44 3.** 2.0
5** 7 5.7 1 .0
38 22 2.5 1.3
32 7** 6.0 1.5
**9 111 6.2 1.8
124 181 12.7 5.5
83 131 1**.3 5.2
33 79 6.4 *».7
22 130 5-7 3.0
79 61 15.5 2.3
105 114 1 ** • 5 3.5
92 19** 5-9 7.6
‘■•as obtained from literature.
Table 5. Average nutrient and trace element concentrations in different 
plant parts in Kochia and Salsolci at flowering.
Kochia scoparia
P Ca
---  % -
Mg
Leaves 0. 19 1 . 0 8 0.99
Stems 0.02 0.39 0.26
Roots 0.06 0.21 0.22
Fruits
Salsola collina
0.29 0.27 0.40
Leaves 0.21 1.73 0.95
Stems 0.12 0.36 0.35
Roots 0.04 0.18 0.10
K Na Mn Zn Sr Cu Li
2.17 8061 132
ppr
71 55 8.8 6.5
0 . 7 1 5528 32 20 58 2.7 1.5
0 . 4 9 761 26 6 15 4.0 1.0
0.89 1328 38 67 10 13-0 1.1
5-53 88 270 29 74 7.0 4.8
1.70 144 44 19 44 4.7 1.0
0.27 288 13 6 21 3-7 0.7
OJ
o
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i'ig- 10. Thin-section micrograph of a Kochia leaf (x 400). Note the 
exterior mesophyll cells, the bundle sheath cells interior 
to the mesophyll, and the vascular bundle at the center.
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Moss 1968, Downton and Tregunna 1968, Welke and Caldwell 1970, Chen 
al. 1970, Downton 1975).
Nutrient concentrations in plant parts in Kochia and Salsola 
collina (Table 5) showed nutrient mobility traits (Epstein 1972), e.g.,
P was highly mobile and transferred to the fruits, whereas Ca was immo­
bile. Generally, roots and stems had much lower concentrations than 
leaves and fruits in Kochia and Salsola. Exceptions were the Na reten­
tion in Salsola roots (a possible salt tolerance mechanism) and Sr 
accumulation in Kochia stems.
Chemical analyses of the Kochia shoots revealed significant differ­
ences between year 1 and year 2 plants in concentration of seven of the 
ten elements (Table 6). Whereas first year plants contained higher 
concentrations of P, Mg, and K, the second year plants had significantly 
higher Ca, Mn, Zn, and Sr. The first year plants showed a decline in 
nutrient concentrations with increasing age and size. This exemplifies 
the dilution effect, showing that uptake per unit tissue does not keep 
pace with growth. Such trends were not evident in second year Kochia 
plants which showed slow and stunted growth.
The uptake values invariably indicate that the larger first year 
plants took up significantly higher amounts of each mineral (Table 7). 
However, there were no significant changes in uptake values over the 
course of the growing season in first year Kochia plants, and only Ca, 
Mn, Sr, and Cu changed significantly over time in second year plants.
In those cases, uptake values increased during the growing season.
Table 6 - Aboveground Koc'iia tissue 
replicated piots.
concentrations Inplants on flrst andsecondyear areas. Means of 5
Sampli ng 
Date P Ca
FIRST YEAR
Mg K
<*■
KOCHIA PLANTS 
Na Mn Zn Sr Cu L I
ppm •
5-31-771 .34 a2 1 .07 a 1.40 a 5 . 8 2  a .61 114 44.0 45.8 9 . 8  a 2 . 0
6-23-77 .37 a . 8 0 ac .94 ac 3.72 b .65 82 41.5 42.2 8 . 5  ac 1.9
7-Ht-77 . 26 ac . 6 8  ac .77 be 2.79 bd .44 89 42.2 37.5 5.4 bd 2.3
8-3-77 . 1 9  be .55 be .64 be 1.97 cd .40 81 42.1 35.5 5.4 bd 2.5
8-24-77 .19 be . 6 6  be . 6 6  be 1 . 8 5  cd .31 82 50.6 48.7 6 . 7  acd 3.0
9-17-77 . 1 8 be .70 ac . 6 8  be 1.55 cd .33 94 47.5 51.7 5.7 be 3-1
Mean .2 6 * 3 .74* .85* 2.95* .46 90* 44.7* 43.6* 6.9 2.5
S E C O N D  Y E A R K O C H I A  P L A N T S
5-11-77 . 3 0  a .69 a . 7 1  ab 2.62 a .44 91 51.5 46.7 7.0 1.7
5-31-77 .23 b . 7 6  ac .64 a 2.07 ac .46 1 1 2 49.8 55-3 6.5 2 . 6
6-23-77 .18 b • 93 be .69 ab 1 . 8 6  be .44 123 7 0 . 6 6 8 . 8 1 1 . 1 2.5
7-14-77 . 2 0  b .90 be .63 a 1.93 be .48 115 46.2 59.7 6.3 2.4
8-3-77 .16 b . 9 2  be .75 ab 1 . 9 1  be .52 123 5 2 . 1 73.0 7.1 2.9
8-24-77 . 1 8  b . 8 9  be . 7 8  b 1.74 be .47 146 58.4 72.3 17.4 3.1
9-17-77 .18 b .95 b . 7 6  ab 1.44 be .47 137 59.7 70.1 7.3 3-2
Mean .20*3 .8 6* .71* 1.94* .47 1 2 1 * 55.5* 63.7* 8.9 2 . 6
' No plantswere emergedyet on first year plotson thefi rst samplf ngdate (5-11-77).
Columns with significant F values are further compared using Tukey's HSD multicomparison test. Numbers 
followed by the same letter do not differ significantly.
An * indicates a significant difference in the mean values between 1st and 2nd year plots (P<.05).
u>
fable 7.
Sampli ng 
Date
Aboveground Koahia nutrient uptake values in plants on first and second year areas.
FIRST YEAR KOCHI A PLANTS
P"*" Ca"*" Mg’*" K"*" Na"*" Mn"*" Zn"*- Sr"*" Cu"*"
, 2
LI +
5-31-77' 88 301 394 1788 156 3.1 1.3 1.3 .27 .06
6-23-77 714 1468 1459 6678 1288 17.9 8.6 7.3 1.49 .43
7-14-77 673 1759 1976 7571 1045 23.2 12.8 10.8 1.47 .72
8-3-77 820 2052 2166 7433 1868 25.1 13.6 13-8 2.17 . 8 0
8-24-77 562 2030 1991 6120 747 28.2 14.6 14.3 2.05 .73
9-17-77 688 2652 2453 5846 1 1 2 8 32.9 16.7 19.4 2.06 .87
Mean 591 1710 1740 5906 1039 21.7 11.3 11.2 1.59 .52
SECOND YEAR KOCHIAPLANTS
5-11-77 82 210 210 773 145 2.5 1.5 1.4 .20 .05
5-31-77 100 285 285 964 218 4.9 2.3 2.6 .29 .11
6-23-77 120 479 480 1349 342 8.1 4.1 4.6 .69 .17
7-14-77 185 594 594 1889 487 10.4 3.9 5.4 .59 .20
8-3-77 131 637 584 1578 429 9-4 4.0 5.6 .54 .22
8-24-77 162 809 726 1957 492 11.9 5.0 6.6 1.05 . 2 8
9-17-77 157 761 663 1332 454 10.8 4.9 5.9 .57 .24
Mean 134 539* 506 1406 367 8.3* 3.7 4.6* .56** .18
No plants were emerged yet on first year plots on the first sampling date (5-11*77). 
P<.05, ** P<.01 - F value significant by sampling date.
Significant difference between means of year 1 and 2 plants (P<.01).
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Changes in soil characteristics
Analysis of the soils along the successional age gradient revealed 
that of the 34 soil characteristics studied, 24 were observed to have 
significant F values for age (Table 8). Water soluble and replaceable 
Ca, Mg, Sr, and Li concentrations were lower in the years following 
mining as were E.C., SO^, and EDTA-extractable Cu, Ni, and Fe.
Though not statistically significant, particle size data indicated 
increasing sand fraction and decreasing clay fraction with age. Sodium 
concentration was much higher on mined sites and organic matter 
increased during the first four years. Several elements showed rela­
tively high concentrations in the first year, followed by a decrease, 
and finally, higher concentrations in the unmined site that included 
water soluble and replaceable Mn and EDTA- extractable Mn, Al, Si, B and 
Pb and saturation percentage (Table 8).
When the mined sites were compared with the unmined site, leaching 
with depth seemed apparent, as E.C., SO^, Ca, Mg, Na, Sr and even 
clay particles were significantly lower in the unmined site than the 
recently disturbed sites (Table 8). Although field soil moisture 
content was non-significant in all years, second year moisture content 
(12.0%) was slightly higher (P<.10, paired t test) than first year mois­
ture content (10.6%).
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Table 8. Physical and chemical characteristics ofBeulah soils during first four years 
after mining compared to an unmined site.
Property 1
--Year after Mining----
2 3 4 Unmined
— Sign i f icance-- 
Among Mined vs 
Years Unmined
Saturation, $ 1*2.6 40.3 41.3 44.4 44.5 NS NS
Particle Size 
(S-Si-CI)1
1*3-27-30 49-23-28 50-24-26 52-24-24 64-21-15 NS *
O.M. 2.1*1 2.37 2.95 3.71 3-45 NS NS
E.C. Mmhos/cm 3-08bc 2.05aC 2.37aC 1.23ac 0.30a Jk *
pH 7 .82ac 7.99bC 7.55aC 7.87ac 7 - 44a J. ft
'so^ 2265 1273 1566 402 39 ft ft
ppm < Cl 20.1* 17.7 19-0 18.1 12.8 NS NS
me/10
_p
0 g
15.1* 13.2 5.1 13-1 4.5 ft* ft
^wCa 1.63bc ].04ac 1.10ac 0.40a 0.21a ft* ft
rCa ll*.80ac 15-60bc . 16.50bc 15-60ac 7.10a A ft*
wMg 1.75bc 0.84a 0.88ac 0.23a 0.13a ft* NS
rMg 6.7 bc 6.2 ac 6.2 ac 4.2 ac 2.4 a ft ft*
wK 0.09 0.06 0.05 0.06 0.06 NS NS
rK 0.10b 0.10bc 0.08b 0.14a 0.13aC ft* ft
wNa 1.32 0.92 1.42 0.84 0.02 NS NS
rNa 1.24 1.06 1.59 1.19 0.16 NS ft
ppm
wSr 4.9 b 2.2 a 1.8 a 0.4 a 0.1 a ft* NS
rSr 32.9 31.8 25.6 19.3 8.9 NS ft
wMn 0.46a 0.08b 0.23ab 0.02ab 0.38ab * NS
rMn 6.2 a 3.0 b 2.7 b 2.7 b 5.0 ab ft* NS
cMn 163 a 81 bc 89 bc 117 ac 174 a ft* NS
wZn 0.06 0.07 0.06 0.05 0.11 NS ft
rZn 8.3 a 3.1 b 1.2 b 2.5 ab 2.4 ab ft* NS
wL i 0.09a 0.03b 0.02b 0.01ab o.oiab ft* NS
rLi 0.21a 0 .1 3b 0.1 3ab o. 11ab 0.08ab ftft NS
wFe 0.06a 0.06a 0.08a 0.26b 0.11a ftft NS
cFe 297 b 129 a 106 a 149 a 85 a ft* NS
cCu 9.0 bc 4.8 a 3.3 a 3.1 aC 2.7 3C ftft NS
cAI 53 Cd 18 b 20 b 24 bd 118 a ft* ft*
cS i 56 bc 29 3 30 a 56 ac 69 ac ft* NS
cB 2.0 ac 1.6 bc 1.7 ac 2.3 aC 2.8 a * ft
cCd 0.66 0.59 0.57 0.54 0.55 NS NS
cPb 3.8 bc 2.5 a 2.5 a 3.0 ac 3-7 ac ftft NS
cNI 7.0 b 3.6 a 3 . 0 a 3.2 a 2.9 8 ft* NS
* *t!
P<.05; P<.01; NS “ nonsignificant
's «= sand; Si = silt; Ci = clay 
2
Rows with significant F values are further compared using Tukey's HSD multicomparison 
test. Numbers followed by the same letters do not differ significantly.
3w “ water soluble; r =* replaceable; c ” chelated and/or complexed.
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4.4 DISCUSSION
Surface mined areas, where topsoil has been replaced (as studied 
here), will go through a process of succession closely akin to secondary 
succession, as the topsoil has some nutrient and organic matter accum­
ulation, microbial activity, and seeds and propagules from original 
vegetation. However, succession of this type is different in that the 
profile often differs markedly from the previous state and the contin­
uity is changed drastically from naturally developed soil profiles.
Thus, areas which have had topsoil replaced probably represent an 
intermediate between primary and secondary succession (Wali and Kollman 
1977). The areas studied here differ further in that they had been 
fertilized and seeded by the mining company. Nonetheless, successional 
trends were apparent, especially in the early years.
These differences notwithstanding, comparisons can be made with 
studies dealing with secondary succession of old fields with the pattern 
of establishment and subsequent elimination of pioneering species. For 
example, Ambrosia artemesiifolia and Raphanus raphanistrum were found to 
be dominant in the first year of old field succession on the Piedmont of 
New Jersey, and were replacad after two years by Aster pilosus and Hier- 
acium pratense (Jackson and Willemsen 1976). Keever (1950) found Digi- 
taria sanguinalis and Leptilon canadense on the North Carolina Piedmont 
to be later replaced mostly by Aster pilosus. In Oklahoma, the 
pioneering dominants for only one or two years were Sorghum halepense, 
Ambrosia psilostachya, Chenopodium album, Helianthus annuus, and Bromus 
japonicus (Abdul-Wahab and Rice 1967, Wilson and Rice 1968, Rice 1974). 
Whitman fit al. (1943) found Salsola pestifer and Helianthus annuus
prevalent on abandoned old fields in North Dakota.
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In this study, Kochia scoparia was the dominant colonizer, with 
Setaria viridis, Salsola collina, and Polygonum convolvulus also being 
important. These species, as well as many of the other colonizing 
species, were observed to establish quickly and grow quite vigorously 
despite the harsh conditions of high temperatures, low rainfall, and 
high wind erosion commonly found on newly reclaimed sites.
The success of any colonizing species can be attributed to several 
of the following characteristics, many of which the North Dakota colon­
izers (and especially Kochia ) exhibit: (1) adaptation for long and 
short distance dispersal; (2) generalized environmental requirements for 
germination; (3) differentially phased germination and long seed 
viability; (4) rapid seedling growth; (5) short vegetative period before 
flowering; (6) self-compatible, but not obligatorily self pollinated or 
apomictic; (7) cross pollinated by wind or non-specialized flower visi­
tors; (8) very high seed output under good conditions; (9) production of 
some seeds even under adverse conditions; (10) continuous seed produc­
tion as long as growing conditions permit; (11) ability to compete by 
specialized means (e.g., allelopathy) and (12) resistance to parasites, 
pathogens and predators (Baker 1965, Ehrendorfer 1965, Lewontin 1965). 
The physiological characteristics of early successional species (Bazzaz 
1979) also allow for their success in open habitats.
For Kochia, Becker (1978) found that decay caused by a fungus, 
Rhizoctonia, may together with anatomical, wind loading, and internal 
moisture factors, be responsible for stem abscission at the ground level 
of mature plants. This allows for seed dispersal as the plant becomes a 
"tumbleweed". The small seeds have also been shown to be dispersed
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widely in dust storms (King 1966). Kochia seeds germinate very early in 
spring and are extremely resistant to injury from freezing (Erickson 
1947); thus, Kochia is always well established before other warm season 
plants emerge (Smith al. 1975). Seedling growth is extremely rapid 
(Sherrod 1971, Iverson and Wali 1979). It is self-compatible, but can 
also be cross pollinated by wind and flower visitors. Field observa­
tions show that Kochia is capable of producing large quantities of seed 
when sufficient moisture is present and even under extreme conditions of 
high density and low water availability some seeds are produced (see 
chapter 5). Evidence presented elsewhere (chapter 6) also suggests that 
Kochia has evolved some chemical resistance to insect predators. Addi­
tional advantages to Kochia are that it is salt tolerant (Monk and Wiebe 
1961, Francois 1976) and drought resistant (Erickson 1947), making it a 
good interspecific competitor under stress conditions. Drought resis­
tance of Kochia is phenomenal. Small Kochia plants, when left unirri­
gated for over one month in pots containing soil, still remained alive 
and became green and vigorous within one day after irrigation. Many of 
the characteristics mentioned above for Kochia can also be ascribed to 
the other pioneers, including Salsola spp. (Stevens 1943, Dwyer and 
Wolde-Yohannis 1972).
Another reason for the success of the colonizers on harsh habitats 
may be the metabolic pathway (Baker 1974). The pathway,
though requiring an additional ATP per molecule of CC> 2 fixed, 
affords several advantages to plants residing in hot, dry environments 
such as those found in summer in western North Dakota. These advantages 
include (1) very little photorespiration; (2) low C02 compensation
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levels; (3) high temperature optima; (4) high light saturation affini­
ties; and (5) greater efficiency of net photosynthesis when compared to 
C3 plants (Hatch et _al. 1967, Bjorkman and Berry 1973, Berry 1975).
Even though plants are considerably outnumbered in the plant 
kingdom by plants (Downton 1975, Teeri and Stowe 1976, Stowe and 
Teeri 1978), 9 out of the 17 first year pioneer species in this study 
exhibited the pathway (C^ species are Kochia scoparia,
Setaria viridis, £. glauca, Salsola collina, S>. iberica, Amaranthus 
retroflexus, A. albus, A. graecizans, and Echinochloa crusgalli). 
Furthermore, virtually all the biomass production during the first year 
comes from the species.
Another feature of Kochia and several other pioneers helping them 
to thrive on deficient soils, is their nutrient uptake ability as 
compared to most agricultural species. In western North Dakota, P is 
normally limiting on abandoned rained areas, yet Kochia is able to take 
up sufficient P. One reason for this may be that Kochia is able to 
exude H+ ions to compensate for the increased uptake of cations relative 
to anion uptake (A. Wallace, UCLA, verbal communication). Electroneu­
trality is maintained both within the plant and the nutrient medium 
during the process of ion uptake by whole plants (Kirby and Knight 
1977). Thus, when the plant takes up cations in excess of anions, as 
may be the case in Kochia, either cations must be excreted or anions 
must be mobilized by the plant. Organic acids are produced which disso­
ciate mainly into anions but H+ ions are also excreted thus maintaining 
electroneutrality. This excretion of H+ tends to acidify the rhizo- 
sphere and the drop in pH causes some CaPO^ to disassociate, 
rendering H^PO^ available for uptake by Kochia plants.
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The dominance of the colonizers is short lived, however, as nearly 
all of the first year species decline in importance to give way to new 
colonizers and planted species (Tables 2-3). The reasons for the 
decline can be attributed to competitive and allelopathic influences, as 
shown for Kochia in later sections of this study.
Concomitant with the decline of the pioneers is the rise of the 
perennial, more resilient species, which make up later successional 
stages. The pioneering vegetation, and especially Kochia, probably aids 
in the establishment of later stage species by several effects in the 
microhabitat. Rapid early growth of the colonizers protects the other­
wise barren ground (and the sown species seedlings) from desiccation by 
the scorching sun and erosion by wind and thunderstorms. Also, tall 
stems remaining from first year colonizers allow for substantial snow 
retention resulting in somewhat better moisture conditions in second 
year areas (10.6% in first year, 12.0% in second year). However, as 
discussed in the next chapter, shading of the planted grass seedlings by 
the tall Kochia or other colonizing species later in the first year 
probably is responsible for diminished tillerage by the planted grasses.
Rice et^  £jL. (1960) found that early stage vegetation may increase 
the availability of N and P in the surface layers of soil thus enabling 
successive plants with higher nutrient demands to become established 
gradually in the order of their needs. However, this does not appear to 
be the case on reseeded mined areas as they are heavily fertilized 
before seeding (Appendix I), and nutrient concentrations show steady 
declines as leaching and fixation occur in the years following reclama­
tion (Table 8).
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Pemble and Wali (1976), studying abandoned coal spoil banks in 
western North Dakota ranging in ages from 1 to 45 years, recognized 
several vegetation chronosequences. Their presence/absence data were 
calculated into relative frequencies and a pattern strikingly similar to 
that found in this study arose. They observed a number of pioneer 
species (Fig. 11) which initially were found on orphan banks only to 
have completely disappeared by seven years after mining. Similarly, 
they found intermediate stages of species invading and disappearing 
between the 7 and 45 year old spoils. However, the majority of the 
species found on unmined areas were not present even on 45 year old 
spoils, indicating that succession proceeds very slowly on orphaned 
spoils. This may be due to the harsh edaphic and climatic conditions 
present on spoil banks, the dependency on natural immigration of seeds 
and propagules, and unfavorable biotic influences. Figure 9 from this 
study also indicates a similar pattern on retopsoiled and regraded areas 
only in a much smaller time frame (1-4 years after mining). The pres­
ence of dormant seeds in the stockpiled topsoil, the reseeding program 
of the mining companies, the recontouring of the landscape, and fertili­
zation all create an environment more conducive to later stage plants, 
and succession appears to proceed more rapidly. Whitman j2 t a K  (1943) 
estimated that abandoned fields in North Dakota require at least 50 
years to reach species diversity similar to that of the native prairie. 
However, one can not speculate on the time needed for this to occur on 
North Dakota mined lands, as the situation is different.
Changes with time were not only apparent in vegetation but also in 
the edaphic characteristics (Table 8). Even though the time period
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Fig. 11. Relative frequencies of plants in each year on abandoned 
spoil banks (calculated from Pemble and Wall 1976). The 
work was conducted on orphaned spoils ranging from 1 to 
45 years old near Velva, North Dakota.
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Years After Mining
1 7 17 30 95 Unmined
Number of Species
A 25i 25 16 19 19 2 ,
2
1
3i 7 3 3 7
3
1
111---- 15 11 2---- 1
i
1 151---- 11 2---- 1
1 71---- 1---- 1
9 391--- 1
9 21i___ 93 37 20 9 i
2 161--- 3---- 1
2 yJL*
12 19 27 39 211---- - - - - - 1
1 2l---- 1---- 1
3 1l--- 1
3 11i---- 6 2- - - - - 1
1 6l---- 1---- 1
1 11--- 1
11 91- - - - - 19- - - - - 1
1 3i— 1
55 96i--- 1
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considered was extremely short for discernible pedogenesis (1-4 years), 
leaching from the upper horizon was noticeable. E.C. significantly 
dropped each year after mining, a result of significant leaching of 
soluble SO^, Ca, Mg, Sr, and Li ions as well as several other 
elements. Though non-significant, a decline in clay content could be 
attributed to its leaching from the upper 10 cm of newly replaced 
topsoil (also found by Wright «it jal. 1959). Organic matter accumula­
tion may be due to increased planted grass production (dominated by 
Agropyron spp.), even above the production of the unmined site (domi­
nated by Bouteloua spp.) which has a low annual production (Whitman e_t 
al. 1943)). Another reason for O.M. being greater on the four year old
mined site than the unmined site may be the faster decomposition rate on 
disturbed areas, as reported by Visser «it al_. (1979). Schafer et_ al. 
(1980) also reported mined sites to have higher O.M. content than 
unmined sites in Montana.
Stepwise regressions of the 34 edaphic characteristics (Table 8) 
against age (years 1-4) yielded complexable Fe, P, and water soluble Fe 
and Sr as the best predictors. Similarly, the best predictors for the 
sum total frequency for all colonizers were P, Cu, and exchangeable Na 
and the best predictors for Kochia frequency were P, Cu, water soluble 
Fe, and pH. These results especially seem to implicate P and Fe as 
being important during colonization and early succession on surface 
mined lands in North Dakota.
COMPETITION STUDIES
Chapter V
5.1 INTRODUCTION
Among terrestrial plants competition manifests itself in: (1) 
competition to reach a site first and to preempt for space, and (2) 
interactive competition which is a neighborhood phenomenon because 
plants are sessile (Werner 1976). Most pioneer species, including 
Kochia, utilize the former strategy. The reproductive strategy arising 
from the competition for space results in (1) seed production vastly 
greater than is necessary to ensure survival, and probably in adapta­
tions for widespread dispersal and/or (2) seed dormancy, a mechanism for 
dispersal in time after colonization (Harper 1960). However, the selec­
tion for reproductive preponderancy apparently tends to prevent the 
pioneer from being a good interspecific competitor. It also intensifies 
intraspecific competition in the year following establishment, and the 
population weakens.
Work on competitive aspects of Kochia has been rather limited; most 
work pertaining to the species deals with agricultural areas (Erickson 
1947, Weatherspoon and Schweizer 1969, Bell e_t _al. 1972). In this 
chapter, the effects of intraspecific and interspecific competition on 
the growth of Kochia populations on mined lands are discussed.
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5.2 PROCEDURES AND RESULTS
Population dynamics of Kochia and Agropyron
Plant samples were collected at seven intervals of three weeks 
throughout the growing season (11 May-17 September, 1977). These 
samples were obtained from 20 randomly placed 0.5 x 0.5 m quadrats on 
each of the mined sites. Plant height and density measurements were 
made, after which the shoots were harvested, dried, and weighed. Since 
the most important components of the system were Kochia scoparia and 
Agropyron spp., only results pertaining to these species will be 
discussed.
The rise of the planted grasses and the fall of the colonizers
(especially Kochia) can be visualized easily in Figs. 12-15. Kochia
attained a large size in the first year after mining, averaging 88 cm in
height (Fig. 16) and 380 g/m in aboveground biomass (Fig. 17). Its
2density was about 50 plants/m (Fig. 18). The following year,
2however, average density increased to over 10,400 plants/m , the 
biomass decreased dramatically and maximum plant height was only 20 cm. 
This large difference in size and weight exemplifies the tremendous 
plasticity of the species. Kochia was practically non-existent by the 
third year after mining, and only sporadic, minute plants remained. 
Salsola collina also was important, but only in the first year after 
mining (Figs. 16-18). Salsola was not common in the older age sites and 
behaved similarly to Kochia as a colonizer. Agropyron spp., on the 
other hand, showed an inverse relationship from that of Kochia. Above­
ground biomass (Fig. 19) and density (Fig. 20) of Agropyron spp. 
steadily increased in the first four years after mining. Agropyron spp. 
height stayed about the same after the first year (Fig. 21).
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Fig. 12. Kochia growth by August of first year after mining, 
of tape measure is one meter.
Height
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Fig. 13. Kochia growth in July of second year after mining.
of Kochia is about 5 cm and density is about 10,000
Height 2 
plants/m .
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Fig. 14. Vegetation in June on site three years since mining, 
of stake in foreground is approximately one meter.
Height
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Fig. 15. Vegetation in July on site four years since mining, 
of stake is approximately 35 cm.
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Fig. 16. Kochia height during one and two years after mining, and Salsola 
height during the first year after mining. •
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Fig. 19. Agropyron spp. grass biomass on sites one, two, three, and 
four years since reclamation.
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Fig. 20. Agropyron spp. grass stem density on sites one, two, three, 
and four years since reclamation.
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Fig. 21. Agropyron spp. grass height on sites one, two, three, and four
years since reclamation.
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In addition to the large yearly changes in Kochia and Agropyron 
populations, several seasonal trends were apparent: (1) Kochia plant 
densities increased in first year areas as new seedlings were estab­
lished until the end of June, after which the density declined (Fig. 
18); (2) second year Kochia attained maximum density by the end of May, 
after which the process of self-thinning set in (Fig. 18); (3) Kochia 
height (Fig. 16) and biomass (Fig. 17) generally increased throughout 
the growing season in years 1 and 2 until senescence occurred; and (4) 
Agropyron height, biomass, and stem density generally were greatest at 
midseason, the time of maturity of the cool season wheatgrasses (Figs. 
19-21).
Interspecific competition with Kochia, Salsola and Agropyron
To study the competitive aspects of Kochia scoparia, Salsola 
collina, and some planted grasses (predominantly Agropyron caninum with 
some Agropyron smithii), experiments were established on first and 
second year areas during early May, 1977. Five replicate plots were 
chosen in an area seeded in November, 1976; each was subdivided into 
seven 1.5 x 1.5 m subplots for the following treatments: (1) Kochia 
growing alone at initial densities of about 25 plants/m ; (2)
oSalsola growing alone at initial densities of about 10 plants/m ;
(3) Agropyron spp. growing alone at initial densities of about 6 
plants/m ; (4) both Kochia and Salsola (5) both Kochia and Agropyron 
spp.; (6) both Salsola and Agropyron spp. and (7) all three species 
growing together at those same densities. All other species were 
sporadic and omitted from the competition experiments.
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Similarly, the September 1975 seeded areas (second growing season 
in 1977) had five replicate plots, each with three 0.5 x 0.5 m subplots 
representing the same treatments as above (excluding the presence of 
Salsola) only with different initial densities: (1) Kochia alone at
2about 14,000 plants/m ; (2) Agropyron spp. alone at about 50 
2plants/m ; and (3) both together at those same densities.
Each subplot was selectively thinned by hand to achieve the desired 
density and treatment. Initial densities are all realistic figures for 
the area at that time (Figs. 18, 20). Measurements were taken at seven 
3-week intervals throughout the summer of 1977. Non-destructive growth 
estimates were made by measuring the height (all three species) and 
number of stems (Agropyron only) of the three largest plants for each 
genus in each subplot at each sampling date. The mean value for the 
three plants was the value for each subplot used in the calculations. 
Then, by subtracting initial values from maximum seasonal values, an 
estimate of growth during the summer of 1977 was obtained for each 
subplot. The reliability of the method was checked and found to corre­
late well with Kochia and Salsola (using height measurement) and Agro­
pyron (using height and number of stems as measurements).
Results from the competition experiments show that in each vegeta­
tion type (Kochia, Salsola or Agropyron spp.) on first year areas, 
significant changes occurred in all growth parameters throughout the 
season (Tables 9-11). Differences were also apparent among plots. For 
Agropyron spp., differences between treatments were significant only in 
the number of stems/plant and those growing without competition attained 
the most stems/plant (Table 9).
Table 9 . Planted grass measurements on first year area field competition experiment. Means of 5 replicate
plots (G = planted grasses; K = Koohia; S = Salsola ).
Sampli ng 
Date G. only
HEIGHT
G+K
(cm) 1 
G+S Control
NO.
G. only
STEMS1
G+K
(stems/plant) 
G+S Control
DENSITY 
G. only
(plants/1.5mxl.5m) 
G+K G+S Control
5-31-77 9-4 8.6 7.8 8.0 1.4 1.2 1.4 1 .2 9.6 11.8 10.6 12.4
6-22-77 13-6 12.4 11.2 10.8 2.8 1.4 1.6 1.4 18.4 16.0 18.2 16.6
7-13-77 21.0 17.4 21.2 18.0 2.8 l .4 2.6 1.6 19.0 18.2 16.0 12.8
8-2-77 23.8 18.8 24.6 25.6 4.2 3.0 4.2 3-0 8.6 9.6 10.8 7.8
8-22-77 14.8 17.8 22.0 18.0 4.2 2.2 3.6 2.0 4.8 5.2 7-0 5.6
9-17-77 15-8 13.4 2 3 . 2 21.6 5.2 1.6 2.6 3.0 5.2 4.8 10.4 4.6
Mean over 
season 16.4 14.7 18.3 17.0 3.4 1 .8 2.7 2.0 10.9 10.9 12.2 10.0
Growth over 
season 14.4 10.2 16.8 17.6 3.8 1 .8 2.8 1 .8
'mean of 3 largest pi ants i n the 1.5 x 1.5i m plot.
Table 10. Koahia measurements on first year area field competition experiment. Means of 5 replicate plots
(K = Koahia, S = Salsola, G = planted grasses).
Sampling HEIGHT (cm)' COVERAGE (cm)' DENSITY (p1 ants/1.5mxl.5m)
Date_______ K. only K+S K+G Control______ K. only K+S K+G Control_____ K. only K+S K+G Control
5-31-77 22.2 22.8 22.2 19-6 17.4 18.0 17.4 14.8 48.2 60.8 59.0 62.0
6-22-77 41.8 42.8 41.8 37.6 33.8 28.0 29.4 23.0 66.2 73.8 73-4 75.4
7-13-77 68.2 66.8 66.0 60.8 45.0 37.4 39-8 28.6 64.0 78.6 79.6 74.6
8-2-77 8 3 . 6 75.8 79.6 69.0 5 1 . 2 40.0 45.8 43.2 60.8 81.8 87.6 73.4
8-22-77 88.4 80.6 84.8 75-8 64.4 39.8 49.6 38.4 62.2 8 9 . 2 84.2 64.6
9-17-77 8 5 . A 76.6 8 3 . 2 71.2 53.4 36.2 44.6 31.4 69.2 64.2 68.4 70.2
Mean over 
season 64.9 60.9 6 2 . 9 55.7 44.2 33.2 37.8 29.9 61.8 74.7 75.4 70.0
Growth over 
season 66.2 57.8 62.6 56.2 47.0 22.0 32.2 28.4
'Mean of 3 largest plants i n the 1.5 x 1.5 m plot.
Table 11. Salsola measurements on first year area field competition experiment. Means of 5 replicate
plots (S = Salsola', K = Koehia; G = planted grasses).
Sampling HEIGHT (cm)' COVERAGE (cm) DENSITY (plants/1.5mxl.5m)
Date S . only S+K S+G Control S. only S+K S+G Control S. only S+K S+G Control
5-31-77 22.0 22. *4 17.** 21.6 2k.lt 2*4.8 19.2 23.0 11.0 8.0 7.** 5.8
6-22-77 37.8 37.** 28.6 37.** 37.6 37.2 30.0 33.6 12.6 8.6 10.2 5.6
7-13-77 53.2 52.0 **2.2 50.6 52.2 *46.2 **7. ** *43.6 1 3 . 6 8.*4 9-2 6.6
8-2-77 58.2 53.0 *»7. ** 5**.** 62.6 *4 8 . 8 *48.0 A8.6 13.** 8.6 9.** 5.8
8-22-77 57.2 55.8 51 .0 56.2 6*».*4 57.6 57.** 53.8 13.2 9.0 9.2 6.2
9-17-77 55.6 53.8 50.6 57.8 67.2 56.2 61.0 56.0 1*4.2 7.2 9.8 6.2
Mean over 
season ^7.3 *♦5-7 39.5 *4 6 . 3 51.** **5.1 *4 3 . 8 **3.1 13.0 8.3 9-2 6.0
Growth over 
season 36.2 33.** 33.6 36.2 k l . 8 3 2 . 8 *41.8 33.0
Mean of 3 largest plants in the 1.5 x 1.5 m plot.
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For Kochia a significant effect among treatments was apparent; 
those plants grown alone attained larger sizes than both the controls 
and those grown with Agropyron spp. or Salsola (Table 10). The density 
of Kochia was lowest in Kochia only subplots; reason in part for the 
reduced growth in the other subplots can also be attributed to increased 
intraspecific competition. However, field observations showed that 
subplots with higher plant densities supported mostly small, widely 
dispersed Kochia plants. Thus, most of the depressive effect can be 
attributed to interspecific competition. Salsola depressed Kochia 
growth more than the grasses.
Salsola plant height, coverage, and density exhibited differences 
among treatments (Table 11). Like Kochia, Salsola plants attained 
largest sizes under conditions lacking interspecific competition.
Salsola growth was depressed by competition with Agropyron spp.
In competition experiments in second year plots, only Agropyron 
spp. and Kochia were investigated since Salsola was nearly nonexistent. 
There were no significant differences between treatments (Table 12); 
however, the grasses appeared to be more vigorous when growing alone 
than when growing with Kochia. Thus, there was not much field evidence 
for competition occurring between Agropyron and Kochia in the second 
year.
Intraspecific competition in Kochia
This experiment was designed to test the nature and effect of 
intraspecific competition on Kochia growth under varying density, water,
and fertility conditions. Kochia was seeded in 15 cm undrained
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Table 12. Summary of field competition experiment 
area. Means of 5 replicate plots (G.= 
K.= Kochi a) .
on second year 
planted grasses
Sampli ng 
Date
P 1 an ted 
Control
HEIGHT1
Grasses 
G. only
(cm)
KOCHIA
Control K. only
5-11-77 33.** 33.6 3.** 3.2
5-31-77 **o.o 3 6 . 6 **.2 **.2
6-22-77 58.6 63.*+ 6 . 0 5.6
7-13-77 6 2 .** 6 5 . 2 1 0 . 0 7.**
8-2-77 6 2 . 6 6**.2 1 0 . 8
OOOO
8-22-77 6 0 .*t 6 3 . 6 1 1 . 8 1 1 .**
9-17-77 55.0 59.** 1 2 . 6 1 2 . 0
Mean over 
season 53.2 55.1 8.** 7.5
Growth over 
season 2 9 . 2 3 1 . 6 9.2 8 . 8
^Values represent means of 3 largest plants in the 0.5 x
0 . 5  ra are a .
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polyethylene pots containing 2 kg of stockpiled topsoil from the South 
Beulah mine. Pots were seeded with sufficient numbers of seeds to 
enable thinning to the desired plant densities after two weeks. Effects 
of density (4, 16, 64 plants/pot), water (normal irrigation regime of 
15-20% moisture and 1/3 normal), and fertilizer (no fertilizer and NPK 
at 20, 30, and 15 ppm, respectively) were evaluated in the experiment.
In one treatment, normal water + no fertilizer, had additional densities 
of 2, 8, 32, and 128 plants/pot were used in order to attain an adequate 
number of points for curve fitting. There were three replicates, and 
all plants were grown in a growth chamber for 37 days, after which the 
plants were analyzed for above- and belowground dry matter yield (DMY) 
and nutrient concentrations and uptake. The soils were also analyzed 
following the experiment.
The experiment revealed several trends in the growth in monoculture 
of Kochia. Shoot and root DMY/pot and DMY/plant increased with 
increasing fertilizer and/or water (Table 13). With adequate water, 
fertilizer increased shoot DMY/pot by a factor of 2.2, but under condi­
tions of water stress especially at high densities, fertilizer had 
little effect. The combination of high density, low water, and ferti­
lizer caused the plants to be severely stunted and wilted with the DMY 
equal to high density, low water and unfertilized plants (Table 13).
The greatest suppression in yield was caused by water stress.
Plants grown in pots with adequate water had three times the DMY of 
plants under water stress (Table 13).
The effect of density was expressed in differences in DMY/plant and 
DMY/pot of shoots. With fertilizer, the DMY/plant had more pronounced
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Table 13- Effects of density, water and fertilizer on shoot weight/plant, 
shoot weight/pot, and root weight/pot of Kochia plants from the 
intraspecific competition experiment.
Water Level/ 
Fert i1i ty Level
Dens i ty 
plants/pot
Shoot Weight 
g/plant
Shoot Weight 
q/pot
Root Weight 
g/pot
H i gh/Low 4 0.14 0.57 0.69
1 6 0. 1 1 1.69 1 .64
Gk 0.03 2.32 1 . 6 2
H i gh/H igh 4 0 . 9 0 3-59 1 .51
1 6 0.23 3-73 2.40
6b 0.07 4.32 4. 1 2
Low/Low b 0 . 0 8 0.33 0.24
1 6 0.05 0 . 8 2 0.58
6b 0 . 0 1 0.90 1 . 2 2
Low/H igh b 0.27 1 .09 0 . 6 2
16 0 . 0 6 0.99 0 . 3 8
6b 0 . 0 2 0.99 0.97
2
Effect of Density b 0.35 1.4 0 . 8
1 6 0. 1 1 1 . 8 1.3
6b 0.03 2 . 1 2 . 0
3
Effect of Water H i gh 0.25 2.7 2 . 0
Low 0 . 0 8 0.9 0.7
3
Effect of Fertilizer High 0 . 2 6 2.5 1.7
Low 0.07 1 . 1 1 . 0
*Each treatment had 9 replicates, 3 for each density.
2
3~way analysis of variance indicated significant differences (P<.0 1 ) in all 
measurements; 1 2 replicates for each density.
3J3 ~way analysis of variance indicated significant differences (P < .0 1 ) in all 
measurements; l8 replicates for each water or fertilizer level.
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increases with decreasing densities, resulting in less dramatic differ­
ences in DMY/pot when compared to unfertilized pots (Table 13). The 
seven densities of the normal water + no fertilizer treatment (equiva- 
lent to field densities of 100-7000 plants/m ) was used to determine 
the relationship between shoot DMY/plant and DMY/pot (Fig. 22). The 
biomass per pot increased linearly with increasing density up to 16 
plants/pot, then began to level off to a constant production with 
increasing density. The biomass per plant, on the other hand, formed a 
hyperbolic function with decreasing DMY/plant as density increased.
Exptrapolations from these three treatments may be used to evaluate 
the effect of three physiological stress factors on Kochia, namely, 
water, nutrient, and space, on the reduction of photosynthate accumula­
tion in Kochia. These stress effects were found to be cumulative: 
plants attained their minimum growth (0.01 g/plant) under all three 
stresses, and their maximum growth (0.90 g/plant) under the least stress 
(Table 13).
Several points can also be made concerning the chemical analysis of 
the plants and soils in this experiment. Although the uptake was about 
the same, the addition of fertilizer greatly suppressed the concentra­
tion of Ca and Mg (Fig. 23). The observed differences in concentration 
were thus due to a dilution effect in the larger plants growing in 
fertilized pots. Decreasing the water resulted in decreased concentra­
tion of Ca but slightly increased Mg.
Addition of NPK did not result in increased concentration of K in 
plant tissue; K uptake increased proportionally to the increase in 
biomass (Fig. 23). Increasing plant density, however, resulted in
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Fig. 22. Biomasa of Kochla per plant and per pot for seven densities in intraspecific 
competition experiment.
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Fig. 23. Concentration and uptake of major cations in Kochia shoots 
in the intraspecific competition experiment.
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significantly decreased K concentrations in tissues. Phosphorus concen­
tration, on the other hand, doubled with NPK addition and P uptake 
increased by 4.6 times (Fig. 24). This increase in uptake is propor­
tionally greater than the increase in biomass. Phosphorus concentration 
also increased significantly in the normal water treatments.
Plant concentrations of Mn, Zn, Fe, and Sr exhibited highly signif­
icant reductions with the addition of fertilizer (Fig. 24). This can 
again be attributed to a dilution effect with the increased size of the 
fertilized plants. However, the uptakes of Mn, Fe, and Sr were greatest 
in the unfertilized plants in spite of this dilution effect; thus it is 
clear that their absorption was suppressed with the addition of NPK. 
Uptakes of Mn, Zn, Fe, and Sr displayed reduction approximately propor­
tional to the reduction in biomass under water stress treatment.
Density had little effect on plant concentration and uptake of these 
trace elements.
Soil chemical changes in this experiment (Table 14) showed that the 
addition of NPK fertilizer resulted in significant decreases in pH, Cl, 
EDTA extractable Fe, Cu, Ni, Cd, Si, and Mn, water soluble Mn, and 
replaceable K. Significant increases were observed for E.C., P, water 
soluble Ca, Mg, K, and Sr, replaceable Mg, Na, Sr, Mn, and Li, and 
EDTA-extractable Pb and Sr.
Under water stress, the soils showed increased E.C., Cl, water 
soluble Ca, Mg, K, Na, and Sr, replaceable Ca, Mg, K, and Mn, and EDTA- 
extractable Pb and Cd. Water stress resulted in significantly decreased 
water soluble Mn, replaceable Na, Sr, and Li, and EDTA-extractable A1
and Cu.
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Fig. 24. Concentration and uptake of P, Mn, Zn, Fe, and Sr in Kochia 
shoots in the intraspecific competition experiment.
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Table 14. Soil properties as a result of growing Kocshia at levels of density,
water and fertilizer. (H = high, L = low, F significant test.
Density _F Water x Fert11i zer x
- 4  - - 16 - -64 - —  H - —  L — —  H - —  L —
Properties
pH 8.01 7-96 8.01 .1 7.97 8.02 - 7.9't 8.05 4
E.C. (Mmhos/cm) 0.66 0.62 0.53 44 0.44 0.77 44 0.67 0.54 4 *
Saturation, % 35.50 36.10 35.70 - 35.60 36.00 - 3 6 .10 35.40 -
P (ppm) 9-90 10.90 9.70 * 8.20 12.10 4 4 16.00 4.30 *4
S04 147-00 77-00 68.00 - 66.00 129-00 - 141.00 53.00 -
Cl 19.90 17.20 16.40 ** 15.30 20.40 44 14.00 2 1 . 7 0 4 4
wCa (meq/100 g) 0.15 0.13 0.12 - 0.10 0.16 44 0.15 0.12 4 4
rCa 13.20 15.20 13.20 * 13.40 14.40 * 13-90 13-90 -
wMg 0.09 0.08 ' 0.07 * 0.06 0.10 4 * 0.09 0.07 4 4
rHg 5.23 5.69 5.32 ** 5.13 5.70 *4 5.60 5.22 4 4
w K 0.02 0.02 0.02 * 0.01 0.02 44 0.02 0.02 *
rK 0.51 0.50 0.48 * 0.46 0.53 44 0.47 0.53 4 4
wNa 0.02 0.01 0.02 - 0.01 0.02 4 0.02 0.02 -
rNa 0.07 0.06 0.07 * 0.07 0.06 4 0.07 0.06 4*
wZn (ppm) 0.020 0.013 0.015 4 0.017 0.015 - 0.015 0.017 -
cZn 1.11 1.16 1.12 - 1.14 1.12 - 1.12 1.14 -
wFe 0.032 0.029 0.045 - 0.036 0.035 - 0.031 0.039 -
cFe 128.00 13 1 .0 0 128.00 - 130.00 128.00 - 121.00 137.00 4 4
wMn 0.009 0.005 0.008 4 0.010 0.005 4 4 0.006 0.009 4 4
rHn 3.00 3.40 3.20 4 4 3.10 3.40 44 3.40 3.00 4 4
cMn 218.00 223.00 220.00 - 222.00 218.00 - 211.00 230.00 4 4
wSr 0.08 0.07 0.06 ** 0.06 0.09 44 0.09 0.05 44
rSr 9.60 9-30 9.70 4 4 9.90 9.20 44 10.40 8.70 4 4
cSr 0.83 0.74 0.79 44 0.78 0.79 - 0.84 0.73 4 4
wLi 0.004 0.004 0.004 - 0.004 0.004 - 0.004 0.004 -
rli 0.07 0.06 0.07 ** 0.07 0.06 44 0.07 0.06 4 4
ell 0.07 0.08 0.07 - 0.07 0.07 - 0.07 0.07 -
cCu 2.71 3.19 2.81 4 4 3.04 2.76 44 2.66 3-14 4 4
cNi 5.18 5.38 5-15 4 4 5.21 5.26 - 5.11 5-36 44
cPb 2.78 3.14 2.84 4 4 2.69 3.14 44 2.77 3.06 44
cCd 0.50 0.57 0.47 4 0.45 0.57 44 0.47 0.56 4 4
cB 3.00 3.40 3.40 - 3-20 3.40 - 3.10 3.40 -
cAI 116.00 121.00 119-00 4 120.00 117.00 4 118.00 1 1 9 -0 0 -
cSI 100.00 107.00 97.00 44 102.00 100.00 - 96.00 107.00 44
'indicates significance (-P>.05; -05; P<.01).
^Indicates soil extraction [w = water soluble, r - replaceable (ammonium acetate), c - chelated/complexed (EDTA) ].
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Increasing density did not have as much effect on the soil nutrient 
status as did other treatments. However, significant reductions in 
E.C., Cl, water soluble Mg, K, and Sr, and replaceable K were apparent 
with increasing density of Kochia plants.
5.3 DISCUSSION
The competitive relationships of Kochia on mined lands reported 
here agree with the findings of other workers on weedy species on aban­
doned fields. Density stress (or intraspecific competition) may result 
in three effects on plant populations growing in pure stands (Harper 
1967, 1977, Risser 1969, 1970): (1) the individuals may elicit a
plastic response as they adjust to share limiting resources, (2) 
mortality may increase, and (3) differentials within a population may be 
exaggerated and a hierarchy of exploitation encouraged; the importance 
of the last assumption has, however, been disputed (Kira £t al. 1956). 
All three effects were observed in Kochia, the first two, in particular, 
are shown here to fit closely with models developed by other workers.
Plastic response in sharing limited resources is shown by the 
growth chamber experiment in which intraspecific competition caused a 
plastic response to density stress in the growth of Kochia plants (Fig. 
22). Attempts have been made to fit mathematical relationships to such 
DMY-density responses in plants. Among the most successful have been 
the various forms of the reciprocal yield or the reciprocal form of the 
competition-density (C-D) effect law:
1/w = a + bp
8 1
where w = mean plant weight, a = density independent (optimum) biomass, 
b = a measure of the competitive effect, and p = density. (Shinozaki 
and Kira 1956, de Wit 1960, Harper 1967). This relationship assumes 
that (1) the increase in plant dry weight is logistic, (2) the initial 
growth rate is independent of plant size, (3) the final yield per unit 
is constant at high density, (4) time is measured from a common time of 
sowing, and (5) density-dependent mortality does not occur. These 
assumptions are met in the growth chamber experiment and the relation­
ship of reciprocal yield to density conforms to the expected straight 
line (Fig. 25). This indicates that Kochia is able to adjust to density 
stress by decreasing the individual plant size. I noted Kochia exhi­
biting this plasticity in the field; it produced seeds when plant 
heights ranged from 200 cm (Fig. 26) to 4 cm.
In the field, 1 and 2 years after mining, conditions are somewhat 
different as Kochia overcrowding and environmental conditions are more 
severe, and density-dependent mortality occurs (Fig. 18). In this case, 
the relationship of Yoda e_t al. (1963) seems to be more applicable:
W =
where W = mean weight per plant, C is a constant, and p = existing plant 
density. This 3/2 power law of self-thinning in overcrowded stands 
appears to be substantiated by the field data (Figs. 27-28). The slope 
of these lines fits closely to the expected -1.5 after growth had 
proceeded to 100% cover (mid-July in year 1 and early June in year 2).
Of interest is the fact that plots 1-4 in second year areas (Fig. 25), 
being somewhat similar in soil and plant conditions, conformed closely
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Fig. 25. Kochia conforming to reciprocal yield law at 7 densities in the intraspecific 
competition experiment.
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Fig. 26. Typical second year Kochia plants in September, 1977. Height 
of tallest plant in photo was seven cm. Note the fruits 
nearing maturity.
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Fig. 27. First year field Kochia growth showing the 3/2 power law of self­
thinning during 1977. [Symbols representing sample dates are: 5-11 
(circle), 5-31 (x), 6-22 (triangle), 7-13 (square), 8-2 (star), 8-22 
(diamond), and 9-17 (+) ] .
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Fig. 28. Second year field Kochla growth showing the 3/2 power law of self­
thinning during 1977. [Symbols representing sample dates are: 5-11 
(circle), 5-31 (x), 6-22 (triangle), 7-13 (square), 8-2 (star), 8-22 
(diamond), and 9-17 (+)].
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to one line (regression coeffecient of -1.58), while plot 5, located on 
an area with a larger proportion of plants other than Kochia and more 
compacted soils, had its line shifted downward to lower Kochia produc­
tivity per unit of density and with a slope differing further from -3/2 
(regression coefficient of -1.08). Yoda et al. (1963) observed in 
Japan that Amaranthus retroflexus, Chenopodium album, and Erigeron 
(Conyza) canadensis, three pioneering weedy species which occur also on 
North Dakota mined lands, conformed to the 3/2 law of self-thinning in 
spite of differences in age, stage of growth, locality, fertility, and 
micro-habitat conditions (as for the Kochia data). Also shown is the 
seasonal pattern in Kochia with points from each successive sampling 
date rising to the left on the line, indicating the process of self­
thinning of density and the growth of the surviving plants (Figs.
27-28).
Self-thinning did not occur in pots with densities up to the equi- 
valent of 7000 plants/m in the growth chamber experiment, whereas 
in the field, thinning occurred at much lower densities. This can be 
attributed to the drier, harsher conditions in the field. Koyama and 
Kira (1956) also found populations under controlled conditions to be 
less apt to undergo self-thinning processes. Self-thinning is very 
important as an overcrowded stand cannot reach maturity and produce 
sufficient seeds unless the original high density is sufficiently 
lowered. It is an important self-regulation mechanism necessary for an 
overcrowded population to assure sufficient seeds for the next genera­
tion. It appears to occur only when the total cover of a stand is close 
to 100%, and so the process operates to maintain the cover at or below
100%.
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Thus for Kochia, (1) the chance of a seed producing a mature plant 
decreases with increasing density; (2) there is a maximum population 
size produced, regardless of the number of seeds available; (3) the 
densities tend to converge with time, irrespective of the initial 
density; and (4) mortality is a continuing risk throughout the life of 
the plant, with adjustment of the population size in relation to the 
increasing size of the plants. The significance of mortality as a 
response to density is that it tends to diminish the range of genotypes, 
whereas the plasticity prevents elimination of genotypes within the 
population (Harper 1960, 1977, Sakai 1961).
Possible mechanisms of these self-thinning processes could be any 
or all of the following: competition for light, moisture, nutrients, or 
space, or possibly some phytotoxic influence, either by discharge from 
the decay of excised material, leachates from leaves, or root exudation 
(Grime 1966, Risser 1970, Wali and Iverson 1978).
The relationship between yield and density for densely populated 
stands, termed the law of constant final yield by Shinozaki and Kira 
(1956), is expressed as:
Wp = Y = constant
where W, p, and Y are expressions of mean plant weight, density, and 
yield, respectively. In the growth chamber experiment, the yield 
remained rather constant at densities above 16 plants/pot (Fig. 22). 
Similarly, in the field study, Kochia yields equilibrated around 310 
g/m on first year areas and 78 g/in on second year areas after
the populations had attained their maximum densities. Thus, the mean
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weight per plant is approximately inversely proportional to the density 
(the reciprocal yield law of the C-D effect).
The effects of two fertilizer levels and two water levels on the 
growth of Kochia were concurrently examined. Growth was generally 
reduced when nutrients or water were in short supply. However, when 
density was high and moisture was low, fertilization of the plants 
depressed growth (Table 13). Ramig and Rhoades (1963) also found winter 
wheat production was depressed by fertilizer under moisture stress.
This is because the solute potential is decreased with the addition of 
fertilizer and the available moisture is reduced for plant uptake.
Thus, "physiological drought" becomes more intense (Epstein 1972).
Many differences in nutrient concentrations can be explained by the 
dilution effect. Larger plants growing as a result of higher levels of 
moisture or fertilizer have their mineral concentrations diluted even 
though the uptake values are higher (Figs. 23-24).
It has been shown that concentrations of K and Na generally 
increase in plants grown under water stress, a result of decreased water 
potential around the roots (Pitman 1975). My data support this, and 
more clearly so under the additional stress of high density. Sodium, 
and especially K, have a general function in the regulation of water in 
plant cells (Rains 1976). Potassium is selectively absorbed by plants 
under stress and is one of the major ions involved in preventing the 
plant from losing water and becoming physiologically dry. The extremely 
high values for K would possibly indicate a high tolerance for low 
water, which is in fact the case for Kochia.
9 0
Rains (1976) and Epstein (1972) noted that Na may, in some cases, 
partially substitute for K in its role in osmotic regulation. There is 
some evidence for this in Kochia. Previous work by Wali and Freeman 
(1973) indicated extremely high Na and lower K concentrations in Kochia 
tissue growing on sodic spoil banks. Possibly, the osmotic functions in 
Kochia may be carried out by either monovalent ion.
Several of the trends in soil nutrient concentrations (Table 14) 
after termination of the experiment can be explained by increased uptake 
and subsequent depletion in those pots which produced the most DMY. 
Phosphorus, K, and E.C. were higher in the fertilized pots because of 
the initial fertilization; the remaining nutrients were depleted further 
as a result of the increased uptake by the fertilized plants.
Along with these intraspecific relations of Kochia, field exper­
iments were documented in first and second year areas dealing with the 
interspecific competitive relationships of Kochia, Salsola, and Agro- 
pyron species (Tables 9-12). The number of tillers produced per Agro- 
pyron plant in first year areas was significalntly reduced when growing 
under competition with Kochia or Salsola. However, seeded grass height 
and density were not affected by competition (Table 9). The most 
probable explanation for reduction in tillerage is competition for 
light. Competition for nutrients would not be expected to be intense 
here, as the areas were fertilized adequately and this was the first 
season of growth. Additionally, Kochia and Salsola roots in the large, 
first year plants extended an average of 25 and 22 cm, respectively, 
whereas the grass seedlings only extended 10 cm into the soil. Avoi­
dance of competition by differnent rooting depths has been recently
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reported (Berendse 1979). Similarly, soil moisture levels were observed 
to be higher near the surface under tall Kochia and Salsola plants as 
opposed to the open plots which received more intense solar irradiation. 
Allelopathy is a possible explanation but there is insufficient evidence 
for living pioneer plants inhibiting later stage plants (Rice 1974).
It is possible that light may be a limiting factor causing reduced 
vegetative growth in plots under competition with the pioneering vegeta­
tion. In Russia, Shain (1960) concluded that delay in the development 
of grasses was due to their being shaded by the cover crops and not due 
to lack of nutrients or moisture. He observed the same delayed develop­
ment when shields were placed imitating the shading effect. After 
conducting several transplant experiments with red fescue and meadow 
bluegrass, Shain concluded light to be the predominant factor in their 
competitive relationships. However, one must consider possible allelo- 
pathic influences and the altered soil properties by the transplanting 
procedure. Monsi and Saeki (1953) compared light values beneath several 
forest communities to those of grassland communities. For example, they 
found values of 28% of daylight beneath Pinus communities and only 4.5% 
beneath a Helianthus community and 1.2% beneath Phragmites. When plants 
were grown under low nutrient and water regimes, Donald (1961) and Grime 
(1966) determined that competition for light can be important. In addi­
tion, Williams (1964) and Milthorpe (1961) recognized the importance of 
the timing of emergence in competition. Weedy species, including 
Kochia, emerge early, become established before the grasses, and begin 
shading early in the season. Light can thus be a limiting factor in 
grassland ecosystems and is probably responsible for the depression of
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tillerage in the planted grasses. This is important in the management 
of mined areas.
When growing alone, first year Kochia and Salsola grew best, but 
were reduced by interspecific competition when grown together or with 
the planted grasses (Tables 10-11). Similar patterns have been reported 
by numerous workers (de Wit 1960, Harper 1961, Milthorpe 1961).
The second year competition experiments revealed that interspecific 
competition between the planted grasses (now quite well established) and 
Kochia (very small in size and large in number) was not very intense and 
neither species seemed to be affected much by the other (Table 12).
This may be due to the spatial separation of their roots; grasses rooted 
an average depth of 12 cm while Kochia rooted only half that. Intraspe­
cific competition in Kochia for light, water, and nutrients may be quite 
intense in second year stands (with up to 25,000 plants/m ).
Substantial Kochia growth may initially aid in the establishment of 
young seeded Agropyron seedlings by behaving as a "nurse" crop, but 
later in the season, extreme shading created by the large pioneering 
vegetation may inhibit tillerage by the grasses. Management practices, 
taking into account the information presented here, may aid in hastening 
the revegetation process.
Chapter VI
ALLELOCHEMIC PHENOMENA IN SUCCESSION
6.1 INTRODUCTION
Allelopathy, as originally defined by Molisch (1938, cited in 
Pickett and Baskin 1973), is a negative influence of one plant on 
another due to chemicals other than nutrients which occur in nature.
The widely used definition of competition is a deleterious effect of one 
plant on another resulting from the demand at the same time by more than 
one organism for the same resources of the environment in excess of the 
immediate supply (Crombie 1947). This definition does not embrace 
phytotoxicity which involves the addition but not the depletion of a 
deleterious substance. Harper (1961) used "interference" to denote the 
deleterious effect of one plant on another in a broad sense. When 
"competition" is used to embrace all interference, a serious semantic 
problem results.
Except for some recent reports (Wali and Iverson 1978, Lodhi 1979a, 
b), few studies on allelopathy have been conducted on mined lands. The 
ecology of abandoned old fields, where autotoxicity phenomena for 
several weedy species have been reported, is in some ways similar to 
that of mined areas that have been recontoured and topsoiled. The 
species whose allelopathic effects have been studied on old field areas 
include Helianthus annuus L. (Wilson and Rice 1968), Bromus inermis 
Leyss. (Benedict 1941), Ambrosia artemisiifolia L. (Jackson and
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Willemsen 1976), Oryza sativa L. (Chou and Lin 1976) and Kalanchoe daig- 
remontiana Hamet and perrier (Groner 1974). Rice (1974,1979) has 
discussed allelopathy and its impact on old field succession in Okla­
homa. In general, allelochemics may be important factors in the succes­
sion process on disturbed ecosystems (Whitaker and Feeny 1971).
The objectives of this investigation were to (1) assess possible 
allelochemic phenomena among pioneers; (2) document the occurrence and 
resulting effects of autotoxicity in Kochia on mined lands; and (3) 
relate allelochemics to community development.
6.2 PROCEDURES AND RESULTS 
Experiment Bioassay of plant extracts
Bioassays of pioneer plant extracts for allelochemical studies were 
conducted as follows: Leaves of 15 species from which water extracts 
were made by mixing 20 g dry leaf material with 200 ml deionized water 
for 90 seconds in a Waring blender, vacuum filtered, and then sterilized 
by filtering through 0.45 micron millipore filters. Agar was used as 
the growing medium and was prepared by adding 9.375 g agar per liter to 
boiling deionized water and stirring until it solubilized. A 4 part 
agar solution to 1 part extract or control solution then gave a final 
agar concentration of 0.75%, a concentration shown to have the right 
consistency for seedling experimentation (Melrod 1977).
For germination studies, 40 ml of 0.75% agar were placed in each of 
64 25 x 150 mm culture tubes and autoclaved for 15 minutes at 15 psi; 
they were then cooled to 60° C in a water bath. Ten ml of sterile 
extract for each species were then aseptically added to each of four
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culture tubes, mixed, and immediately poured onto sterile, 15 cm petri 
plates. All transfers were made in a small enclosed room which had been 
swabbed with 70% ethanol to minimize contamination. The bioassay was 
used with two seed sources - radish Raphanus sp., (commonly used in 
bioassay studies) and Kochia scoparia (the dominant pioneering species 
in western North Dakota). Seeds were soaked for 15 minutes in 15%
1^02 to achieve surface sterility. Two plates, divided into 
thirds, were used for each seed source and 25 seeds were added to each 
of the resulting six replicates for each species extract. Germination 
was carried out at room temperature in the dark and counts of germinated 
seeds were conducted every 24 hours for three days with radish and four 
days with Kochia.
For seedling elongation studies, 320 15 x 100 mm test tubes were 
utilized. Each tube received 6 ml of .9375% agar, was capped, and auto­
claved. After cooling to 60° C in a water bath, 1.5 ml of each 
extract were aseptically added to each of 20 tubes; this brought the 
final agar concentration to .75%. After germination had progressed for 
two days on the petri plates, seedlings were transferred from the 
corresponding plates to the tubes. One seedling was placed in each 
tube, with the radicle placed beneath the surface, the plumule above the 
surface. Ten replicates for each seed source were established, and 
seedling elongation was monitored over the next three days. The values 
reported here are the rates of elongation per day since the time of 
seeding (five days) and the elongation between day 3 and day 5 (final 48 
hours) in the tubes.
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Results obtained from this experiment seem to indicate that all of 
the pioneering species investigated have some toxicity toward the growth 
of Raphanus and Kochia. Radish germination after three days showed 
significant reductions with the extracts of Conyza canadensis, Helian- 
thus annuus, and Xanthium strumarium which are known to be allelopathic 
(Table 15). However, there was a slowing down of the germination rate 
with several other extracts (i.e., Chenopodium album, Grindelia squar- 
rosa, Lactuca serriola, and Salsola iberica) as shown by their signif­
icant reductions in percent radish germination after one day. The 
slowing of germination rate may also be important in the resulting plant 
composition if competition is occurring early in seedling establishment. 
Seedling elongation of radish was inhibited by every extract (Table 16). 
Most extracts reduced elongation to less than half of the controls.
Kochia germination was severely inhibited by the plant extracts 
(Table 17). Rarely did the treatments show even half the growth of the 
controls. Similarly, seedling elongation was reduced in each treatment 
(Table 18).
Experiment 2: Field evidence for Kochia autotoxicity
To determine whether allelopathy was involved in the stunting of 
Kochia plants in two year old sites, a field study was conducted by 
thinning high density second year populations to approximate the density 
of first year areas. Five replicate plots, each with 0.5 x 0.5 m 
subplots, were established in areas seeded in September, 1975. On May 
10, 1977 (beginning of second growing season), the following treatments 
were established: (1) Kochia alone in a high density population (over
T ab le  1 5 .  R ad ish  g e rm in a tio n  o v er  3  d a y s  o n  1 6  agar -  p io n e e r  p la n t e x tr a c t  m ix tu r e s .
Day 1 Day 2 Day 3
Extract of: % germ­
ination
%of
control
Dunnett’s 
t value
% germ­
ination
%of
control
Dunnett’s 
t value
% germ­
ination
%of
control
Dunnett’s 
t value
Control 98.7 100 99.4 100 mm 100 100 -
Amaranthus retroflexus 91.9 93 -1.5 96.0 97 •1.2 100 100 0
Aster ericoides 87.3 88 -2.5 94.0 95 -1.8 97.3 97 -1.4
A vena fatua 96.8 98 -0.4 96.8 97 -0.9 100 100 0
Chenopodium album 83.8 85 -3.3* 93.2 94 -2.1 98.6 99 -0.7
Conyza canadense 27.7 28 -15.8** 51.8 52 -16.1** 60.1 60 -21.0**
Kchinochloa crusgalli 94.1 95 -1.0 97.3 98 •0.7 99.3 99 -0.4
Grindelia squarrosa 41.3 42 -12.8** 94.7 95 -1.6 98.7 99 -0.7
J/clianthus annuus 30.7 31 -15.2** 77.7 78 -7.3** 88.7 89 6.0**
Iva xant hi folia 79.7 81 -4.2** 91.6 92 -2.6 96.2 96 2.0
Koehia scoparia 95.4 97 -0.8 96.0 97 -1.1 99.4 99 0.3
Lactuca serriola 83.4 85 -3.4* 93.3 94 -2.0 95.3 95 2.5
Polygonum convolvulus 97.3 99 -0.3 98.7 99 -0.2 100 100 0
Salsola iberica 79.0 80 . -4.4* 96.6 97 -0.9 97.9 98 1.1
Sctaria glauca 87.3 88 -2.6 96.7 97 -0.9 96.7 97 1.8
Setaria viridis 91.7 93 -1.6 96.9 98 -0.8 99.3 99 0.4
Xanthium strumarium 54.2 55 -9.9** 83.1 84 -5.5** 91.1 91 4.7**
*Significant at 0.05 or **0.01 level using Dunnett’s t test for multicomparisons to a control.
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Table 1 6 . Mean daily growth and mean growth for final 48 hours of radish seedlings grown on 15 different 
pioneer plant extracts.
Species
Mean daily 
growth 
(cm)
Dunnett’s 
t value
Mean growth, 
final 48 hrs 
(cm)
Dunnett's 
t value
Control 1.37 2.29
Amaranthus retroflexus 0.67 - 7.8 ** 0.82 - 5.6 **
Aster ericoides 0.48 -9.0 ** 0.93 -4.7 **
Arena fatua 0.86 -5 .5 * * 1.68 -2.3
Chenopodium album 0.32 - 11.8 ** 0.09 - 8.4 **
Conyza canadensis 0.72 - 7.2 ** 1.27 -3.9 **
Echinochloa crusgalli 0.62 - 7.6 ** 1.11 -4.1 **
Grindelia squarrosa 0.54 - 9.3 ** 0.30 - 7.6 **
Helianthus annuus 0.65 -8.1 ** 1.18 -4 .2 * *
Iva xanthifolia 0.57 - 7.7 ** 1.00 -4.3 **
Kochia scoparia 0.52 - 9.3 ** 0.34 - 7.2 **
Lactuca serriola 0.54 - 9 .3 * * 0.26 - 7.7 **
Polygonum convolvulus 0.54 - 9.0 ** 0.49 - 6.7 **
Setaria glauca 0.23 - 12 .0** 0.07 - 8.0 **
Set aria viridis 0.57 - 8.9 ** 0.58 - 6.5 **
Xanthium strumarium 0.87 - 5.6 ** 1.47 -3.1 *
Significant at 0.05 or **0.01 level using Dunnett’s t test for multicomparisons to a control.
T ab le  1 7 .  Kochia  g e rm in a tio n  over  4  d a y s  o n  16 agar -  p io n e e r  p la n t e x tr a c t  m ix tu r e s .
Day 1 Day 2 Day 3 Day 4
Extract o f : %  germ­
ination
% o f
control
Dunnett’s 
t value
% germ­
ination
% o f
control
Dunnett’s 
t value
% germ­
ination
% o f
control
Dunnett’s 
t value
% Of 
control
Dunnett’s 
t value
Control 18.3 100 31.0 100 39.0 100 100 __
Armnviihiis retroflexus 6.8 37 -4.6* • 8.5 27 -7.3** 8.5 22 -8.0** 23 -8.4**
Aster enmities 7.0 38 -4.5** 10.2 33 -6.7** 15.2 39 -6.3** 44 -6.1**
Avcna fatua 7.3 40 -4.4** 8.4 27 -7.3** 11.0 28 -7.4** 31 -7.6**
C henopoilium album 9.8 53 -3.4 • 11.0 35 -6.5** 11.6 30 -7.2** 31 -7.5**
Conyza cauadense 4.7 26 -5.4** 7.3 24 -7.6** 8.4 22 -8.0** 21 -8.6**
F.diinodiloa avsgalli 6.1 34 -4.9* • 7.2 23 -7.7** 9.4 24 -7.8** 33 -7.4**
Grinlelia squarrosa 5.5 30 -5.1 •* 7.2 23 -7.7* • 9.6 24 -7.8** 30 -7.6**
lie lianthits aiumus 4.9 27 -5.4** 6.9 22 -7.8** 7.6 20 -8.3** 21 -8.7**
Iva xauthifolia 2.4 13 -6.3** 7.4 24 -7.6** 8.1 21 •8.1 ** 19 -8.8* *
Kochia scoparia 8.2 45 -4.0* * 9.6 31 -6.9* • 11.0 28 -7.4** 38 -6.7 ♦*
ljictuca serriola 1.6 8 -6.7** 7.0 22
••00 7.7 20 -8.2** 19 -8.8**
Polygonum convolvulus 6.0 33 -4.9** 6.7 22 -7.9** 8.1 21 -8.1** 25 -8.2**
Salsola iherica 5.0 28 -5.3** 10.7 34 -6.6** 16.5 42 -6.0** 46 -5.9**
Sctaria glauca 4.1 22 -5.7** 6.9 22 -7.8** 9.8 25 -7.7** 34 -7.2**
Setaiia will's 10.4 57 -3.2* 16.0 52 -4.9** 21.5 55 -4.6** 51 -5.4**
Xanthium strumarium 3.8 21 -5.8** 6.2 20 -8.0** 6.2 16 -8.6** 27 -8.0**
• Significant at .05 or • •  .01 level using Dunnett’s t test for multicomparisons to a control.
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Table 1 8 . Mean daily growth and mean growth for final 48 hours of Kochia seedlings grown on 15 different 
pioneer plant extracts.
Species
Mean daily 
growth 
(cm)
Dunnett’s 
t value
Mean growth, 
final 48 hrs 
(cm)
Dunnett’s 
t value
Control 0.52 1.02
Amaranthus retro,flexus 0.13 - 7 .4* 0.07 - 8.9 *
Avena fatua 0.11 -8 .6 * 0.14 - 8.9 *
Chenopodium album 0.09 -9.1 * 0.08 - 9.5 *
Conyza canadensis 0.03 - 9.7 * 0.11 - 9.4 *
Echinochloa crusgalli 0.10 - 8.9 * 0.07 -9 .6 *
Grindelia squarrosa 0.06 -8.5 * 0.02 -8.9 *
Helianthus annuus 0.05 - 9 .6 * 0 -9.9 *
Iva xanthifolia 0.05 - 10.1 * 0.01 - 10.4 *
Kochia scoparia 0.33 -4.1 * 0.35 -6.8 *
Lactuca serriola 0.05 - 7 .6 * 0 -7.9 *
Polygonum convolvulus 0.17 - 7 .2 * 0.16 -8.5 *
Setaria glauca 0.08 -8 .6 * 0.07 -8 .9 *
Setaria viridis 0.24 -5 .7 * 0.38 -6.3 *
Xanthium strumarium 0.05 - 10.2 * 0 - 10.5 *
♦Significant at 0.01 level using Dunnett’s t test for multicomparisons to a control.
T a b l e  1 9 .  R an k  and y ear  a fter  m in in g  in w h ic h  th e  sp e c ie s  a tta in s  m a x im u m  fr e q u e n c y . S p e c ie s  lis te d  in ord er  o f  in c re a s in g  a lle lo p a tliic  te n d e n c ie s .
Radish Kochia Year
Overall Germination Elongation Germination Elongation of Most
Species Rank Rank Rank Rank Rank Frequency
Sctaria viridis 1 4 8 1 1 1
A vena fatua 2 2 1 6 5 1
Kochia scoparia 3 4 13 4 1 1
Echinochloa crusgalli 4 3 5 7 7 1 &2
Polygonum convolvulus 5 1 9 11 3 1
Salsola iberica 6 9 — 4 — 1
Amaranthus retroflcxus 7 6 6 8 6 1
Aster ericoides 8 10 10 2 — 3
Oienopodium album 9 8 14 2 7 1
Grindelia squarrosa 10 11 11 9 10 4
Sctaria glauca 11 7 15 10 9 2
Conyza canadensis 12 16 3 11 10 3
Xanthium strumarium 13 14 1 15 13 2
Helianthus annuus 14 15 4 13 14 1
lva xanthifolia 15 13 7 13 12 1 & 2
Lactuca serriola 16 12 12 16 13 4
1 0 2
O10,000 plants/ m ); and (2) Kochia alone with densities thinned to
Ofirst year levels (about 50 plants /m ). Kochia plant height and 
the number of leaf pairs were measured at intervals of three weeks 
throughout the 1977 growing season.
The results from the experiment show that Kochia plants growing on 
two year old sites did not have better growth when the population was 
thinned to densities of one year old sites. The growth of Kochia plants 
from 11 May to 17 September, 1977 was 8.8 cm for the height density 
situation and 8.6 cm for the thinned population (n.s.)(Table 20). Simi­
larly, the growth of additional leaf pairs was not significant which was 
5.8 leaf pairs/plant for high density Kochia and 6.8 for thinned Kochia 
plants (Table 20).
Whereas Kochia on first year areas at a density of about 50 plants/
2m normally attained heights of over 80 cm with high productivity 
(Fig. 16). Kochia from second year areas, when thinned to a density 
equal to that on first year areas, only reached heights of 10 cm, with 
very low productivity. This growth suppression on second year areas is 
strong field evidence for autotoxicity occurring in Kochia.
Experiment Effects of decaying Kochia leaves on Kochia,
Agropyron, and Melilotus
This experiment was designed to test the effect of decaying Kochia 
leaves on the growth of Kochia and that of two species commonly sown on 
mined lands - slender wheatgrass (Agropyron caninum) and yellow sweet 
clover (Melilotus officinalis). For half the pots, fifteen grams of
dried, ground Kochia leaf material were mixed with 2 kg of topsoil from
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Table 20. Results of field thinning experiment. Values 
are means of 5 replicate plots.
Sampling Date
Koahia
Height
Control
(cm)
Th i nned
Koahia
No. Leaf Pai rs 
Control Thinned
5-11-77 3.2 2.4 5.2 4.4
5-31-77 4.2 3.4 6.0 5.4
6-22-77 5.6 V-O oo 8.0 8.0
7-13-77 7.4 6.2 9.0 10.2
8-2-77 8.8 8.0 10.8 10.2
8-22-77 11.4 9.6 10.6 10.4
9-17-77 12.0 10.2 1 1 .0 11 .2
Growth
S i gn i fi cance
8.8
n .s
8.6
C
OOLA 6.8 
.s .
1 0 4
field sites on the Beulah mine. The amount of Kochia leaves added was 
determined by calculating the ratio between the maximum biomass in the 
first year growth of Kochia per unit surface area of the field sites in 
relation to the surface area of the pots. The 18 control pots received 
no Kochia leaf material. Each undrained 15 cm polyethylene pot received 
NPK at a rate of 30, 20, and 15 ppm, respectively, to ensure adequate 
soil fertility. These pots were incubated for two weeks at 10-20% mois­
ture to allow some decomposition of Kochia leaves before seeding. The 
pots were seeded and after two weeks thinned to obtain two densities, 
viz., Kochia: 4 and 64 plants/pot; Agropyron: 12 and 50 plants/pot; 
and Melilotus: 10 and 54 plants/pot. Each treatment was replicated
three times such that 36 pots were placed in the growth chamber for 37 
days of growth, after which plants were harvested and analyzed.
Results of this experiment show that the growth of Kochia was 
severely inhibited by decaying Kochia leaves in soil (hereafter referred 
to as KL), whereas Agropyron was only slightly affected (only on a per 
pot basis); Melilotus was not inhibited at all (Fig. 29, Table 21). An 
attempt to understand the inhibitions in terms of nutritional imbalances 
was made using the chemical analysis of plants and soils. In general, 
plant nutrient concentrations (Table 22), but not nutrient uptake values 
(Fig. 30), were greater in the KL treatment than controls. This was 
mostly attributable to the presence of leaf material in soil prior to 
seeding of plants and a concentration effect in Kochia. Significant 
increases in concentration under the KL treatment were noted for Ca, K, 
Na, P, and Sr in Kochia, Mg, Mn, and Sr in Agropyron, and Mg and Na in 
Melilotus (Table 22). However, in spite of the larger nutrient pool in
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Fig. 29. Effects of adding Kochia leaves (K) to Kochia (left), 
Agropyron canlnum (center), and Melilotus officinalis 
(right) in experiment 3. Note the reduction of Kochia, 
but not Agropyron or Melilotus with the addition of 
Kochia leaves.
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Table 21 . Dry matter yield of 
(-K = control group,
plants in Experiment 3- Data 
+K = 7-5 g Kochia leaves per
qiven are means 
pot) .
of 3 rep 1i ca tes
Kochia Agropyron Melilotus
Dens i ty T reatment g/plant g/pot g/plant g/pot g / p 1 ant g/pot
Low -K 0.90 3-59 0. 13 1 .62 0.16 1 .56
H i gh -K 0.07 **.32 0.0** 1 .9** 0.05 2 .  **5
Low +K 0.5** 2.1** 0.13 1 -52 0.16 1 .55
H i gh +K 0.05 3-12 0.03 1.58 0.05 2.****
Kochia/vs .  significance' A  /'f «  /V n.s. * n .  s n.s.
Density s ign i f icance JU  J j  J . ** n.s. JU JU JU  JU
1
Significant at .01 (**) or .05 (*) level using 2-way analysis of variance; n.s. = non-significant.
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Table 22. Concentrations of major and trace elements in the shoots of
Kochia, Agropyron, and Melilotus in autotoxicity Experiment 3. 
Each value is the mean of 3 replicates (K = Kochia leaves added, 
D = dens i ty).
Cont ro1 + Kochia Leaves
Nutrient Dens i ty Dens i ty Dens i ty Dens i ty F (K)1 F (D)
KOCHIA SCOPARIA
Ca (%) 0.87 0.89 1 .22 0.96 JL
Mg 1 1 0.79 0.76 0 . 8 1 0.74 - -
K 1 1 5.47 4.43 7.20 4.60 J L  J . JL  J -
Na 1 1 0.09 0.07 0. 18 0 .  1 1 * V? J L  JL
P 1 1 0.34 0.34 0.58 0.57 /  C /  c J -  J f
Mn (ppm) 74 100 61 81 J .  J - Vc«
Zn 1 1 39 42 37 34 ** -
Fe I 1 76 76 86 59 - j .
Sr 1 1 21 25 32 27 J L  J - -
AGROPYRON CANINUM
Ca (%) 0.4^ 0.53 0.50 0.61 J,
Mg 1 1 0.22 0.23 0.23 0.25 J L  JL /* 4\
K 1 1 3.40 3-19 3.21 3 . 0 8 - -
Na 1 1 0.01 0.01 0.01 0.02 - -
P 1 1 0.25 0. 18 0.25 0.22 - J L  JL
Mn (ppm) 56 69 71 93 J L  JL J L  J ;
Zn 1 1 23 24 16 17 /'w'C -
Fe 1 1 80 78 75 68 J L  J . J -
Sr 1 1 13 18 14 20 * J .  JL
MELILOTUS OFFICINALIS
Ca (%) 2.84 2.85 2.70 2.99 _ _
Mg 1 1 0 . 8 0 0.81 0.85 0.92 J L  »L/v *
K 1 » 2.98 2.78 2.74 3-07 - -
Na 1 1 0.01 0.01 0.01 0.02 * -
P 1 1 0.24 0 . 1 9 0.24 0.19 - ;V *
Mn (ppm) 72 80 72 87 - * *
Zn 1 1 20 23 20 24 - * *
Fe 1 1 101 98 94 99 - -
Sr 1 1 134 139 127 144 J L  JL
1
- P <. 01 , *P<.05, P>..05, using 2-way analys is of va r i anc e .
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Fig. 30. Nutrient uptake values of major and minor nutrients in shoots 
of Kochia, Agropyron, and Melilotus in experiment 3.
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[J  -  Kochia leaves 
H  *  Kochia leaves
Kochia Agropyron Melilotus
p l o n t i / p o t :  4 64
Kochia
12 SO 
Agropyron
10 54
Melilotus
I l l
the KL treatment pots, Kochia plants had reduced concentrations of Mn 
and Zn, and Agropyron showed a reduction in Zn and Fe.
Soil analysis showed that increasing the organic matter by adding 
Kochia leaves resulted in increased concentrations of nearly every ion 
(see pre-incubation samples, Table 23). For example, electrical conduc­
tivity in the KL treatment pots was twice that in controls prior to 
plant growth. The pre-incubation samples also showed much higher levels 
of P, Zn, and Mn in the KL treatment pots. This is important when 
considering that Kochia had reduced plant nutrient concentrations (Table
22) and uptake (Fig. 30) of Mn and Zn, even when more was available. On 
the other hand, P uptake (Fig. 30) was as great in the KL pots as the 
controls even though Kochia plants were severely stunted by the KL 
treatment. Thus, the relative absorption of P was hastened and the 
absorption of Mn and Zn was reduced in the KL plants, a possible expla­
nation for the autotoxic effect shown in Kochia.
At the termination of the experiment, the increased nutrient pool 
in the KL pots was again evident by the significantly greater soil 
concentrations of water soluble Ca, Mg, Na, K, Mn, Sr, Cl, and SO^, 
and replaceable Mg, K, Na, and Mn after the growth of all three species 
(Table 23). However, after the growth of at least two out of the three 
species, the soil concentrations of EDTA-extractable Fe, Mn, Al, Ni, and 
Mo decreased in the KL pots, possibly due to complexing of these ions by 
organic compounds present in Kochia material. It should also be noted 
that (1) the pH in Melilotus soils was higher than in soils of the other 
two species; and (2) Ca and Sr in Melilotus soils were higher (Table
23) , even though uptake of these two elements by Melilotus was much
Table 23- Soil properties as a result of growing Kochia. Agropyron, and Weiilotus under 2 densities with or without Kochia leaves added. 
Analysis of soils prior to the growing of1 the plants also included [k ■ Kochi a, 0 • density, F • significance test).
-K
Kocft/a a c o p a r l a
Ivs. *K 1 vs. -K
A g r o p y r o n  c a n l n u m
Ivs. lv*. -K
Halllotu* officinal
Ivs. -Ml Ivs.
la
-K Ivs.
p S a ----
♦K Ivs.
Oensity (p 
66
. . . .»
Propert ies U 6 66 F (K) F (0) 12 50 12 50 F (K) F (0) 10 56 10 56 F <K) F (0)
P« 8 .1 8 8.03 8.18 8.15 I * 8.02 8.05 8.16 8.26 ** 8.60 8 .3 8 8.35 8.9S _ ft 8.01 8.26
E.C. (Nmhos/cm) 0.63 0.31 0.96 0.97 ft - 0.36 0.56 1.02 1.05 ** * 0.63 0.71 1.0 8 1.26 ft* ft 1.02 1.93
Saturation, X 361 36.5 38.3 37.5 ft * 35.9 37.6 38.0 60.2 ** ft 36.7 38.1 38.9 39-6 * 37.6 60.6
P (ppm) 10.7 10.9 13-3 10.9 ft - 131 1 3 -6 12.5 1 1 .8 * - 13-3 16.7 131 13.9 - ft 18 .6 27.7
s\ 123 72 233 235 ftft - 137 115 177 223 * * 183 82 230 290
ftft 250 565
Cl 7.6 8 .6 1 0 2 .2 109.7 ft* - 8 .6 8.9 118.3 105-7 ft* - 16.3 1 1 .6 116.3 121.7 ft* 1 1 .6 96.2
2wCa (meq/100 g) 0. II 0.07 0 .2 1 0 .2 2 ftft - 0 .08 0.13 0.23 0.26 ** ft* 0.17 0.19 0.26 0.31 ftft ft 0.26 0.67
rCa 10.32 9-96 10.26 985 - - 9-79 9-69 10.36 10 .68 ** * 11.03 11.16 10.07 1 1 .0 2 - 9-63 9-99
0.07 0.06 0.15 0.16 ftft - 0.06 0.09 0.16 0.18 ** ft* 0.09 0 .1 2 0.17 0 .2 2 ftft ft* 0.16 0.37
rKg 6.67 6.57 5-18 5.02 ftft - 6.69 6.62 5.16 5.35 ** - 6.8 0 6.88 5.26 5-52 ft* ft 9.58 5.20
wK 0 .0 1 0 .0 1 0.03 0.03 ft* - 0 .0 1 0 .0 2 0.06 0.06 ** - 0 .0 2 0 .0 2 0 .0 6 0 .0 6 ft* 0 .0 2 0 .0 8
rK 0.60 0.39 0.65 0.67 ft* - 0 .6 8 0.68 0.78 0.75 ** - 0.51 0.67 0.73 0.73 ft* 058 0.92
wNa 0 .0 1 0 .0 1 0.03 0.03 ft* - 0 .0 1 0 .0 2 0.06 0.06 ** - 0 .0 2 0 .0 2 0.06 0.05 ft* ft 0 .0 2 0.16
rNa 0.08 0 .08 0.16 0.16 ft* - 0 .08 0.08 0.15 0 .1 8 ** - 0 .1 1 0.13 0.15 0.23 ft* ft 0.07 0.31
wZn (ppm) 0.016 0 .0 20 0 .0 1 1 0.062 - - 0 .0 2A 0.016 0.018 0.016 - - 0 .0 1 8 0 .0 1 2 0.015 0.016 • 0.018 0.027
cZn 1.05 1.0 0 1 . 1 0 1 .2 1 ft - 1.0 8 1 .0 1 1.07 1.0 8 - - 0.99 103 1.05 119 ft* ft* 1.0 8 1.23
wfe 0.036 0.052 0.027 0.038 - - 0.057 0.065 0.038 0.035 - - 0.029 0.039 0.023 0.027 ft 0.090 0.129
cFe no 118 105 102 ft* - 112 no 99 98 ** - 95 95 100 97 • 117 116
wMn 0.011 0.016 0.118 0.169 ft* ft* 0.007 0.060 0 .1 1 8 0.222 ft* * 0.005 0.063 0.168 0 .3 0 2 ft* ft* 0.050 0.969
rWn 2.9 2 9 6.0 6.0 ft* - 2.6 3 6 5-6 6.5 ** ft* 2.8 3 7 5.9 71 ft* ft* 6.7 135
cWn 197 216 192 195 ft* ** 208 201 183 185 ** - 182 187 186 185 • 209 198
wSr 0.08 0.05 0.17 0. IS ft* - 0.06 o.n 0 .1 8 0.21 ** ft* 0.11 0.16 0.19 0.23 ft* ft 0.17 0.36
rSr 11.8 11.6 11.3 11.6 . . 11.7 11.6 11.6 12.1 - - 12.6 12.6 11.5 12.0
ft* ft 11.2 11.1
cSr 0.99 0.96 1.02 1.03 ft* - 0.99 0.99 1.07 l.ll ** - 1.17 1.16 1.16 1.20 * 0.98 1.05
wli 0.006 0.006 0.006 0.005 - - 0.006 0.006 0.005 0.006 * - 0.009 0.009 0.007 0.008
ft* 0.007 0.019
rU 0.10 0.10 0.10 0.10 - - 0.10 0.10 0.10 0.11 - - 0. 10 0.10 0. 10 0.10 ” 0.13 0.15
cWo 0.021 0.023 0.017 0.017 ft - 0.019 0.015 0.013 0.016 - - 0.015 0.017 0.012 0.13 ft 0.059 0.21
cCu 2.22 j .j* 2.26 2.95 - - 2.88 2.65 2.32 239 - - 2.60 2.68 2.28 2.27 • 2.30 2.23
cNi 6.59 6.88 9.9 5 ft* ** 6.77 6.65 9.35 6.63 ** - 6.51 6.56 6.68 6.66 • 6.72 6.61
cPb u 1.96 1.75 1.78 ft* - 2.03 2-19 2.07 2.19 - - 2 .2 8 2.13 2.07 2.07
ft* 2.06 2.00
cCd 0.22 0.26 0.23 0.23 - - 0. 19 0. 30 0.17 0.20 * ft* 0.20 0.21 0.20 0.20 0.26 0.25
cl 2 3 2.1 2.7 2.6 - - 2.0 1.7 2.6 2.7 ** - 17 1.8 2.0 2.6 ft 1.0 2.8
cAI III 123 III 99 ft* - 117 113 103 105 ** - 105 107 106 106 • 126 120
cSi 88 83 80 81 - - 79 73 79 78 - ■ 75 75 75 80 77 77
'indicates significance (-P .05. *P .05, **P .01
2Indicates soil extraction (w - water soluble, r - replaceable (ai— oniuw acetate, c - cheleted/cowplexed (COTA)).
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greater than the other two species (Fig. 30). Melilotus was able to 
extract more Ca and Sr from the system.
Experiment 4: Effect of decaying Kochia leaves and roots 
and Kochia leachate
An experiment was designed to test the growth of four species 
(Kochia scoparia, Salsola collina, Agropyron caninum, and Melilotus 
officinalis) when grown with various Kochia treatments: decaying leaves 
(KL), decaying roots (KR), and Kochia leaf leachate (KS). Two kg South 
Beulah topsoil were placed in each of 64 15 cm polyethylene pots; 16 
were used as controls and received 5 g peat, 16 received 5 g ground 
Kochia leaf material, 16 received 2.5 g ground Kochia root material, and 
the remaining 16 received 5 g peat and were irrigated with Kochia 
leachate. After two weeks of incubation at 15-20% moisture, the pots 
were seeded with the four species so that each species had four repli­
cates of each treatment: the control, KL, KR, and KS. All pots were 
irrigated with the same quantity of water; the KS pots received Kochia 
leachate and the remaining pots received deionized water. Leachate (KS) 
was obtained by passing deionized water over large quantities of fresh 
Kochia shoots obtained from the field. After four weeks of growth, the 
pots with Kochia, Agropyron, and Melilotus seedlings were thinned to a 
density of 15 plants; Salsola pots were thinned to 12. After eight 
weeks, the shoots were harvested, and their DMY determined.
Results of the experiment indicate that Kochia root material (KR) 
when added at a rate of only 2.5 g per 2 kg of soil was significantly 
inhibitory to the growth of Kochia, Salsola, and Agropyron, but not
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Melilotus (Table 24, Fig. 31). Kochia leaves added at 5 g per pot did 
not cause any significant effect, nor did the irrigation with Kochia 
leachate. These results indicate that even at low Kochia root levels, 
the organic compounds released during decomposition inhibited the growth 
of Kochia, whereas for the Kochia leaves, an application rate of 15 
g/pot caused significant reductions in Kochia growth (Experiment 3), but 
when applied at 5 g/pot, there was no effect (indeed the mean was nearly 
significantly higher than the control).
Experiment 5: Residual effects on subsequent plant growth
An experiment was conducted to determine whether phytotoxic mater­
ials remain in the soil long enough to be toxic for subsequent growth or 
break down to non-phytotoxic compounds. Soils from four of the treat­
ments from the previous experiment were used again for the present 
experiment. Previous treatments from which the soil was obtained were:
(1) Kochia grown in pots containing 2 kg soil and 5 g peat (control);
(2) Kochia grown in soil containing 5 g Kochia leaves; (3) Kochia grown 
in soil containing 2.5 g Kochia roots; and (4) Agropyron grown in soil 
containing 5 g peat (another control). The soil from the four replicate 
pots of each of these treatments was combined, ground, and passed 
through a 2 mm screen to remove most of the root material; from the 
resulting soil it was possible to set up three replicate pots of each 
treatment for a total of 12 pots. No other additions were made to the 
soil. Kochia seeds were sown, the density was thinned to 20 plants/pot 
after four weeks; after 51 days in the growth chamber, the shoots were 
harvested, weighed, and analyzed for 12 nutrient and trace elements.
Table 24. Effects of Kochia leachate, Koohia leaves and Koahia roots on DMY 
of 4 species In Experiment 4 (Mean of N=4) .
Spec i es Control
(2.5g peat/kg)
+K. Leachate 
(i rrigat ion)
+K. Leaves 
(2.5g /kg)
+K. Roots 
(1.25g /kg)
Kochia scopavia 2.52 2.44 3-07 2.04*
Salsola collina 1.96 1.99 2.00 1.38*
Agropyvon caninum 2.48 2.44 2.72 1.72*
Melilotus officinalis 2.42 2.31 2.58 2.44
indicates significant (Pj<.05) reduction from the control, using Dunnett's 
test after the ANOVA.
115
116
Fig. 31. Effect of adding 1.25 g Kochia roots/kg soil on the growth 
of Kochia in experiment 4.
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When plants were grown a second time in the same soil without any 
additional treatment, there was a significant stimulation in the KL 
treatment and a slight, but non-significant inhibition in the KR treat­
ment when compared to the controls (Table 25, Fig. 32). There was no 
difference in growth between the two controls. The results can hence be 
interpreted as a residual effect of treatments from the previous experi­
ment. In the previous experiment, there was a 22% stimulation of Kochia 
due to the addition of Kochia leaves (though non-significant) and a 
significant inhibition of 24% from Kochia roots (Table 24). In this 
experiment the regrowth of Kochia in these same soils showed a signif­
icant stimulation of 84% from Kochia leaves and a 22% inhibition (non­
significant) from Kochia roots (Table 25). Apparently, there is a 
gradient in the action of the allelochemics. At low concentrations, the 
allelochemics are stimulatory, as with 5g or less of Kochia leaves per 2 
kg soil. At higher concentrations, the allelochemics are inhibitory, as 
with 2.5 g or greater of Kochia roots per 2 kg soil. These compounds 
are broken down in time; the present experiment showed a shifting of the 
gradient such that the allelochemics became less inhibitory and more 
stimulatory during the regrowth of Kochia. Thus, it appears that active 
compounds remain in the soil for some time, gradually losing their 
activity.
Nutritionally, P concentration was significantly higher in the KR 
plants, though Mn and Zn showed no difference (Table 25). Uptake of Ca, 
Mg, Na, and Mn was less in the KR plants, probably due to smaller roots 
systems. The stimuated KL plants showed significantly higher uptake 
values for all elements, though showing no difference in concentration 
(Table 25).
T a b l e  25. T i s s u e  c o n c e n t r a t i o n s ,  e l e m e n t a l  u p t a k e s  a n d  d r y  m a t t e r  y i e l d  i n  Koohia p l a n t s  I n  E x p e r i m e n t  5.
TISSUE CONCENTRATIONS (ppm) and DRY 1MATTER YIELD (g/pot)
G r o w n  p r e v i o u s l y : P Ca Mg K Na Mn Z n Fe Cu S r Li DMY
Kochi a + peat 6 8 0 0*a 7743 a 9964a 23061 a 5211 a 72.4 ab 39.5a 87 a 5.5 a 69 a 2.8 a .79a
Koch la + K. lvs. 6583 a 7322 a 9486a 25139 a 4100 ac 9 2 . 8  b 39.4a 105 a 5.5 a 68 a 2.5 a1.44b
Kochia + K. rts. 9458 b 7551 a 9793a 26607 ac 4228 ac 70.1 a 44.3ac 78 a 6.0 ac 68 a 2.7 a .65a
Agropyron + peat 10333 b 6960 b 9321 a 31250 be 3811 be 8 3 . 9  ab 53.5be 76 a 6.7 be 51 b 2.2 a .86a
N U T R I E N T  U P T A K E  ( m g / p o t )
G r o w n  p r e v i o u s l y : P Ca Mg K Na Mn Z n Fe Cu Sr L i
Kochi a + Peat 5.*t0 a 6.15 a 7.91 a 18.31 a 4.14 a .06 a .03a .07 a .004a .05a .002a
Kochi a + K. lvs. 9.1*6 b10.55 b13.66b 36.34 b 5.88 b .13 b .06b .15b . 0 0 8 b .10b .004b
Kochia + K. rts. 6.09 a 4.89 c 6.33c 17.21 a 2.74 c .05 c .03a .05a .004a .04ac.002a
Agropyron + peat 8.83 b 5.70 ac8.01 ac26.70 b 3.23 c .07 a .05b .06a . 0 0 6 c .04c .002a
Numbers followed by the same letter w i t h i n  a column ha ve a si gn if ic an t F value and do not differ at the 95%
confidence level (Tukey's HSD Test).
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Fig. 32. Effect of residual compounds in soils on the growth of Kochia 
in experiment 5. Note the slight stimulation in the Kochia 
leaves treatment and depression in Kochia roots treatment.
1 2 1
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Experiment 6: Effects of decaying Kochia leaves and roots 
and both together on Kochia growth
An experiment was conducted to check the results obtained previ­
ously and to determine the effect of Kochia leaves and roots in combina­
tion. Four treatments were used in 12 pots containing 2 kg soil each:
(1) a control treatment with 6 g peat/pot; (2) 6 g Kochia leaves/pot 
(KL); (3) 4 g Kochia roots/pot (KR); and (4) 6 g leaves + 4 g roots/pot 
(KL + R). The levels used were approximately equivalent to the average 
amount of leaves and roots found per unit area on 1 year old sites. 
Kochia seeds were sown, and after four weeks thinned to 20 seedlings per 
pot; after 51 days in the growth chamber, plants were harvested, 
weighed, and analyzed for 12 nutrient and trace elements.
Results indicated that DMY in Kochia was depressed by the addition 
of Kochia roots but was increased by the addition of Kochia leaves 
(Table 26, Fig. 33), even though the levels of plant material added were 
quite low. The addition of both roots and leaves (KR + L), however, 
caused a significant stimulation in the growth of Kochia, possibly the 
result of an interaction between various compounds.
Several interesting features emerge from plant mineral analysis.
For example, P concentration was negatively correlated with DMY (r=
-.82, P .01 level). There was a significant increase in P in the KR 
treatment and a decrease in the KL + R treatment as compared to the 
control. This cannot be interpreted solely as a dilution effect as the 
uptake values for P indicate that whereas KR plants had only 1/4 the DMY 
of controls, they had 1/2 the total uptake. Therefore, the rate of P 
uptake by KR plants was twice that of the controls. Similarly, the KR
Table 26. Tissue concentrations elemental uptakes, and dry matter yield of Kochia plants in Experiment 6 .
T ISSUE C O N C E N T R A T I O N S ( ppm)  a n d  DRY M A T T E R Y I E L D  ( g / p o t )
T r e a t m e n t P Ca Mg K Na Mn Z n F e Cu S r L i DMY
C o n t r o l 1 2 3 3 *a 1157** a 1 6 7 0 6  ab 2 6 6 1 7 a 5789 a 162 a 1*8.5a 11*8 a 8 . 6  a 11*5 ab 3.1 a . 8 2  a
+ K .  I v s . 933 ac15735a 20367 a 28639a 11166 b 11*6 a 39.9ac 1 2 1  a 7.1* ac195 b 3.1* a 1 .1*0 b
+ K .  r t s . 2399 b 1 2 2 5 0 a 121*86 b 22055a 7353 ab 1 6 2 a 2 6 . 0 b 1 1 1  a 5 . 2  b 1 2 2  a 5.3 a . 2 0 c
+ K .  l v s .  +  r t s . 667 c 11773a 16933 ab 2 5 2 2 8 a 96 71* b 117 a 30.6be 98 a 5 . 8  be 1 7 3  ab 3.2 a 1.31* b
Treatment P Ca Mg
1
K
N U T R I E N T
Na
U P T A K E
Mn
(mg/pot)
Zn Fe Cu Sr Li
Control 1.01 a 9.50a 13.72 a 21 .86a a.73 a .13a .01* a .12a .007a .12a .003a
</>>+ 1.32a 22.02b 28.63b 1*0.37 a 1 5 .1*7 b .21 a . 0 6 a .17 a .011 a .27 b .005b
+K. rts. .1*8b 2.1*5c 2.52c 1* .1*2b 1 .1*7 C .03b . 0 1 b .02b .001 b .02c .001 c
+k. lvs. + rts. .90a 15.88 ab22.76 ab 21 .96a 1 2 . 9 6 b .16a • 0Aa .13a . 0 0 8  a .23ab .00Aab
Numbers followed by the same letter w i t h i n  a column have a significant F value and do not differ at the 95%
confidence level (Tukey's HSD Test).
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Fig. 33. Effects of Kochia leaves, roots, and leaves + roots on the
growth of Kochia in experiment 6. Note the depressive effect 
of Kochia roots but not Kochia leaves + roots.
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plants had P uptake rates about 3.5 times that oE KL or KL + R plants. 
Zinc and Cu in the stunted KR plants indicates an inhibition in absorp­
tion of these elements as uptake cannot keep pace with growth. The 
disruptions in nutrient absorption may be responsible for the signif­
icantly reduced DMY that resulted in this experiment.
Experiment li Autotoxicity of Kochia under water stress
Four replicate pots were prepared each for the following three 
treatments: (1) 5 g peat in 2 kg soil; and (2) 5 g Kochia leaves in 2 
kg soil; and (3) 5 g peat in 2 kg soil (the control). Treatments 1 and 
2 received only 1/3 the irrigation of the control during the course of 
the experiment. Kochia seeds were sown; seedlings thinned to 15 
plants/pot after four weeks, and shoots were harvested after eight weeks 
in the growth chamber. Thus, the effect of decaying Kochia leaves on 
Kochia growth under water stress conditions was investigated.
Values for final DMY from this experiment were: (1) water stress + 
peat control - 0.315 g/pot; (2) water stress + Kochia leaves - 0.318 
g/pot; and (3) normal water control - 2.525 g/pot (significant from (1) 
and (2) at 0.01 level)(Fig. 34). Thus, low water had a severe effect on 
the growth of Kochia as the DMY of stressed plants was only 13% of the 
controls. Although there was no difference in DMY between the two water 
stress treatments, there were visual differences throughout the course 
of the experiment. Those plants treated with Kochia leaves were smaller 
than the water stress controls, thereby requiring less moisture for 
maintenance. After one month, the water stress control plants began 
showing signs of severe water stress by drying of the lower leaves and a
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Fig. 34. Effect of low water on the growth of Kochia with and without
the addition of Kochia leaves. Note stunted, but more vigorous 
growth of +K leaves and low water plants compared to low water 
control plants.
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spindly appearance. The smaller KL plants, on the other hand, did not 
show these drought characteristics and remained healthy and green. At 
harvest time, the DMY of the KL plants was equal to of the water stress 
controls. The apparent advantage of the KL plants under water stress 
may be significant when considering the evolutionary aspects of autotox­
icity.
Experiment 8: Insect infestation
During the summer of 1977, small, red, cocklebur weevils, Rhodo- 
baenus tredecimpunctatus (Illiger) (Curculionidae) (Borror e_t al.
1976), were noticed frequently on the soil surface in the first year 
areas. Later in the season, a large number of pioneering plants were 
infested with the weevil larvae which are known to bore into cocklebur, 
sunflower, and other weedy species. On August 25, 1977, stems of 25 
plants of each of the six most dominant pioneering species on first year 
areas were examined for the presence of larvae to determine whether 
cocklebur weevils were selective or indiscriminate in their choice of 
plant hosts. Plants were randomly chosen over a 0.5 ha area and were 
50-80 cm in height.
Results show that for Salsola collina, Helianthus annuus, and 
Chenopodium album, each of the 25 plants examined contained larvae of 
the cocklebur weevil. The effect of these larvae on the reproductive 
capacity of the plant was easily visualized (Fig. 35). Ninety-six 
percent of Amaranthus retroflexus, 80% of Salsola iberica but only 40% 
of Kochia scoparia plants contained the weevil larvae (Fig. 36).
Analysis of a 6 (species) x 2 (presence/absence of larvae) contingency
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Fig. 35. Stem of Salsola collina infested with cocklebur weevil larvae
in September, 1977 on first year post-mining area. Size of the 
larvae average 5 mm in length.
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album
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Fig. 36. Number of stems of 6 colonizing species infected by larvae of 
cocklebur weevil. Twenty-five stems tested for each species.
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table indicated a highly significant association, with Kochia scoparia 
responsible for nearly all the variation. Therefore, there is some 
evidence of an "aversion" of the weevil to Kochia plants. There were 
noticeable reductions in seed production for any plant infested with the 
larvae, so the advantages of any resistance are obvious.
6.3 DISCUSSION
Results of the bioassay study do not discount the possibility that 
allelopathy plays an important role in compositional changes of early 
successional species. A ranking of allelopathic tendency (allotoxicity) 
for each extract was devised by averaging the germination and elongation 
ranks for each seed source, and the ordering in Table 19 is by this 
scheme. When the rankings were compared to the year of maximum 
frequency for each species in the field, a general trend appeared: the 
first year colonizers were also the least toxic (Table 19). Spearman's 
rank correlation coefficient (rg) between rank of allelopathic 
tendency and year of maximum frequency was found to be significant at 
the 5% level for both seed sources. Two speculations can be made 
concerning this trend: (1) later stage species may be aided in their 
invasion since germination and/or growth of the initial colonizers may 
be inhibited and, in effect, reduce interspecific competition; and/or 
(2) it may be more advantageous for the initial colonizers to spend 
additional energy on growth or reproduction rather than on the manufac­
ture of toxic substances. At any rate, this preliminary study indicated 
allelopathy may be involved in the sorting out of species during the 
early successional stages after disturbance.
1 3 4
Kochia scoparia was extensively studied because of its dominance on 
first year areas, rapid decline, and phenomenon of autotoxicity. Since 
Kochia plants in second year field plots did not grow any larger when 
the density was reduced, growth suppression can be attributed to allelo­
pathy. Laboratory growth chamber experiments also indicate that 
decaying Kochia material from first year plants can be inhibitory to 
Kochia seedlings. The presence of known inhibitors from Kochia 
extracts, viz., chlorogenic, caffeic and ferulic acids, myricetin, and 
querciten (Lodhi 1979), provides further evidence for this autotoxicity. 
Similar phenomena of autotoxicity have been recorded previously for 
other pioneering species such as Helianthus annuus (Wilson and Rice 
1968), Bromus inermis (Benidict 1941), Ambrosia artemisiifolia (Jackson 
and Willemsen 1976), Oryza sativa (Chou and Lin 1976), and Kalanchoe 
daigremontiana (Groner 1974). In fact, many of the stage 1 species on 
mined areas in North Dakota have been implicated by allelopathic studies 
(Table 27).
Allelopathic substances, be they waste products or substances 
specifically manufactured for their phytotoxic characteristics, are 
released into the environment by four main processes: (1) decay of dead 
plant material releases many previously-stored metabolites (Tukey 1966); 
(2) root exudations (Rovira 1971); (3) volatile terpenes released from 
plant foliage (Muller 1966); and (4) water soluble compounds leached out 
of the intact plant (Tukey 1966). It appears that Kochia utilizes the 
first mechanism.
For some growth chamber experiments reported here, the results may 
initially seem contradictory. Leaf material caused a depression in
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Table 27: Some pioneer species, also found on North Dakota 
surface mined lands, that have been implicated in allelo- 
pathic studies (sources: Rice 197^, Wali and Iverson 1978, 
Lodhi 1979a»b, this study).
Amaranthus retroflexus 
Ambrosia trifida 
Aster ericoides 
Avena fatua 
Chenopodium album 
Conyza canadensis 
Echinochloa crusgalli 
Grindelia. squarrosa 
Helianthus annuus
Iva xanthifolia 
Kochia scoparia 
Lactuca serriola 
Polygonum convolvulus 
Salsola collina 
Salsola iberica 
Setaria glauca 
Setaria viridis 
Xanthium s t r w m r i u m
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growth in Experiment 3 (applied at 15 g/pot) but not in Experiments 4 
and 6 (applied at 5 and 6 g/pot). The allelochemics apparently act like 
some plant hormones, stimulating at low levels and inhibiting at high 
levels. Such observations have also been made by Tukey (1966) and Grod- 
zinsky (1971). Experiments 4 and 6 show the differential allelopathic 
tendencies between Kochia root and leaf material. Root material is 
strongly toxic even at low levels, whereas leaf material becomes inhibi­
tory only at larger doses. The stimulation arising from the addition of 
both leaf and root material (Table 26) is puzzling, as one would expect 
a cumulative effect; evidently there is an interaction in which inhibi­
tory properties of root material can be negated by the stimulatory prop­
erties of the leaf material, or the inhibitor is simply deactivated.
It has been shown that phytotoxicity is most effective when the 
plant is under a stress condition (Rice 1974, 1979); a smaller quantity 
is needed to produce the effect. This was confirmed by Experiment 7 
where Kochia plants treated with Kochia leaf material (at a level which 
was stimulatory under moist conditions) and growing under moisture 
stress were initially stunted but finally attained similar yields as the 
controls when the controls began to senesce prematurely.
An effort was made to understand the mechanism of toxicity by 
studying the nutrient relations and noting the aberations of inhibited 
plants from controls. Kochia as a halophyte tolerates relatively high 
levels of Na in its tissue (Erickson 1947). Calcium has been shown to 
prevent Na toxicity symptoms because of the antagonistic relationship 
with Na at the surface of the cell membrane (Rains 1976). Thus, the 
additional Ca concentration in Kochia plants may aid in preventing some
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Na associated problems when the Na uptake is increased in the KL treated 
plants. In the field, Kochia has been observed growing vigorously to a 
height of 2 m on spoil material containing 70 times as much Na as in the 
soil used in these experiments. Thus, Na toxicity can be disregarded as 
the reason for the depressed growth in the KL treated plants. Also 
evident were the increases of P and decreases of Zn or Mn on the inhib­
ited plants. Phosphorus-induced Zn or Mn deficiencies in plants have 
been reported (Boawn and Brown 1968, Safaya 1976). Although no visual 
symptoms of Zn or Mn deficiencies were observed in the growth chamber 
experiments, the P/Zn and P/Mn ratios were greatly increased in those 
plants showing significant reductions in growth (Table 28). Plants 
which were not affected or stimulated by Kochia material did not show 
such great increases of their P/Zn or P/Mn ratios. The nutrient imbal­
ances could have a deleterious effect on the plant and could be a reason 
for the depression in growth. The phytotoxins presumably change the 
permeability of the cell membrane or alter active transport mechanisms. 
Boawn (1965) reported that reduced Zn uptake could not be attributed to 
the traditional interaction theories in corn and bean plants in areas 
where sugar beets had been grown in the previous year. Rice (1974) 
ascribed this to a phytotoxin released from the decay of sugar beets. 
Chambers and Holm (1965), Rice (1974), and Buchholtz (1971) also 
reported disturbances in nutrient uptakes due to phytotoxin effects.
In dealing with this autotoxic phenomenon in Kochia, a question 
arises: is this adverse characteristic of autotoxicity advantageous to
the species and therefore selected during its evolutionary development? 
Some speculations can be presented.
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Table 28. Dry matter yield and P/Zn and P/Mn ratios for plant tissue 
elemental concentration and uptake in Experiments 3, 5, and 
6 (KL = Kochia leaves added, KR + R = both added).
DMY
(g/plant) C o n c e n t r a t i o n  U p t a k e
P/ Zn P / M n P / Z n P/ Mn
Experiment 1 (6 reps)
Kochia control 0.1*9 82 39 83 38
Kochia KL 0.30
JU J U  |
160 81 168 80
Signi ficance ** JU JU J U JU J U
Agropyron control 0.09 91 35 94 35
Agropyron KL 0.08 139 29 11*4 28
S i gn i fi cance N.S. JU JU N.S. J - J U N.S.
Melitotus control 0.16 97 28 102 26
Melilotus KL 0.16 98 27 98 26
Signi ficance N.S. N.S. N. S. N.S. N.S.
Experiment 3 (3 reps)
Kochia regrowth on: 9
Kochia control 0.79
L
a 172 ac 91* a 172 ac 94 a
Kochia KL 1.44 b 167 a 72 b 167 a 72 b
Kochia KR 0.65 a 213 b 135 c 213 b 135 c
Agropyron control 0.86 a 193 be 123 c 1 94 be 123 c
Signi ficance JU J U JU J U JU J U JU J U J U J U
Experiment 4 (3 reps)
Kochia control 0.82
JL
a 25 a 8 a 25 a 8 a
Kochia KL 1 .1*0 b 23 a 6 a 22 a 6 a
Kochia KR 0.20 c 9 2 b 15 b 92 c 15 b
Kochia KL + R 1 .3* b 22 a 6 a 23 a 6 a
S i gn i f i cance JU JU JU J U JU J U J U .U **
**« and N.S., n o n - s i g n i f i c a n t
N u m b e r s  f o ll ow ed by the sa me l e tt er w i t h i n  a c o l u m n  do n o t  d i f f e r  at
the 35% c o n f i d e n c e  level.
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1. The autotoxicity may be an unnatural side effect, and the advan­
tage offered by autotoxicity may lie in the inhibition of seed 
germination by inhibitory compounds which may induce seed 
dormancy (Jackson and Willemsen 1976). Induction of dormancy in 
seeds of Kochia and other annuals as first stage plants elimi­
nated 2-3 years after mining would be advantageous since they are 
considered competitively inferior to perennials which establish 
later. This mechanism along with seed burial would allow for the 
maintenance of a population of viable annual weeds in the soil. 
The induction of dormancy by organics has been shown to occur in 
Ambrosia artemisiifolia (Willemsen and Rice 1972). However, as 
evidenced by the results of my seed bank experiment (see chapter 
7), Kochia appears not to use this method of dormancy induction.
2. Autotoxicity may neither be advantageous nor disadvantageous if 
the species is a fugitive (Whittaker and Feeny 1971). Kochia can 
be included here as its fecundity and dispersal mechanisms allow 
it to continually colonize newly disturbed areas.
3. There may be an interaction between plants and the climatic 
conditions (McCormick 1971) as Kochia plants stunted by autotox­
icity seem to be affected less severely by drought conditions. 
Stunted plants may be able to produce greater numbers of viable 
seed for subsequent years, while taller, uninhibited plants 
especially those growing in high densities, use a greater propor­
tion of their available water for maintenance and the resulting 
seed production is less. Experiment 7 as well as field observa­
tions of first and second year areas during a drought lends 
credence to this hypothesis.
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4. There may be a greater selective advantage in producing these
compounds as a defense mechanism than selective disadvantage from 
the effects of the substances on the short-lived populations of 
the species itself (Whittaker 1975). The autotoxic compounds may 
have arisen primarily as a defense mechanism. Some preliminary 
evidence in this study was the reduced infestation of Kochia 
stems by the cocklebur weevil larvae when compared with stems of 
5 other pioneering species. The secondary products stored in 
first year Kochia plants may in some way make Kochia tissue less 
palatable to the weevil. Connel and Slatyer (1977) have 
suggested that herbivores are important initially in succession, 
and Todd £t al_. (1976) reported that the presence of quercetin, 
chlorogenic acid, caffeic acid, and ferulic acids (all extracted 
from Kochia) in barley may account for the resistance of barley 
to Schizaphis graminum (greenbugs). Swain (1977) implied that 
hundreds of secondary plant substances may be utilized for such 
defenses. Grodzinsky (1973) estimated that 1-2% of plant photo­
synthetic productivity is used in producing organic substances 
other than foods. At any rate, plants have responded to insect 
attack and thus insects and plants must be viewed as co-evolving, 
competing and often mutually dependent biochemical systems. The 
balance between them is often very fine and so relatively small 
biochemical changes may have large ecological effects (Southwood 
1973).
5. The autotoxic behavior of such pioneer plants may simply be a 
mechanism preventing overgrowth on the soils which they invade
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(Pickett and Baskin 1973). Reduction in size and self-thinning 
of Kochia in the second year allow for seed production which 
would not occur otherwise. Field observations of dense, 6 cm, 
second year Kochia stands producing about 5 seeds/plant (Fig. 26) 
compared with occasional dense, 80 cm, first year Kochia stands 
which had died prior to seed set is some evidence for this 
hypothesis. Chenopodium album, another member of Chenopodiaceae, 
has been shown to move relentlessly towards seed production as 
competitive stresses are increased; it produces seed comprising 
up to 75% of the total fresh weight of the plant (Williams 1964). 
Kochia produces considerable amounts of seed when at high density 
and if autotoxicity were not present, the plants would perish 
without much seed production. Seed production by a large number 
of plants, though few seeds per plant, also allows for main­
taining high genetic variability in the species.
The rapid elimination of Kochia may be attributed at least 
partially to the phenomenon of autotoxicity whereby toxic organic acids 
and other substances are released by decaying roots and leaves. There 
is also some evidence to show that species such as Conyza canadensis, 
Lactuca serriola, and Grindelia squarrosa are allelopathic to Kochia and 
other pioneers (Experiment 1). Inhibition by either process is then 
magnified by the competitive, nutrient, water, and light stresses 
resulting in the demise of Kochia and hastening of the process of
succession.
Chapter VII
SEED BANK INVESTIGATION
7.1 INTRODUCTION
The contouring, shaping, topsoiling, fertilizing, and seeding the 
spoil notwithstanding, the character of the vegetation is determined by 
the seed stock present (also referred to as seed bank) in the native 
topsoil, as well as by the immigration of seeds and disseminules from 
the surrounding ecosystems. It is of interest, in light of current 
federal regulations requiring topsoil replacement after surface mining 
(Imes and Wali 1977), to determine both the types and quantity of seeds 
of different species present in the topsoil. This will give us some 
indication of the capacity of the topsoil to regenerate the vegetation 
of mature sites.
Several factors determine the quantity and quality of the seed 
bank: (1) reproductive strategies of parent plants; (2) dispersal 
mechanisms; (3) dormancy patterns; (4) characteristics of the soil; (5) 
biotic influences, i.e., predation and decomposition; (6) weather fluc­
tuations; and (7) environmental disturbance (Thurston 1960, Barton 
1962). It has been shown that disturbance often breaks dormancy of 
seeds by exposing the seed to unfiltered light, fluctuating temperatures 
and reduced CO^ concentrations (Bazzaz 1970, 1979); therefore, vari­
ations in methods and duration of removing and respreading of topsoil 
during surface mining operations may be significant.
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Numerous seed bank studies have been conducted in order to 
ascertain means of removing weedy seeds from arable agricultural soils. 
Some of the major work was accomplished at Rothamsted Experimental 
Station, England (Brenchley and Warington 1930, 1933, 1936, 1945, 
Brenchley 1944), in Saskatchewan (Chepil 1946, Budd et al. 1954), in 
Denmark (Jensen 1969), and in Minnesota (Robinson 1949). In addition, 
pasture soils have been studied for potential weeds in Wales (Chippen­
dale and Milton 1934, Milton 1948) and in New Hampshire (Prince and 
Hodgdon 1946). However, seed bank studies conducted on the North Amer­
ican Great Plains grasslands have been limited. Lippert and Hopkins 
(1950) studied 22 typical Kansas habitats including native mixed grass 
and short grass prairies, abandoned field, and a denuded pasture. John­
ston j2t al. (1968) studied rangelands in Alberta for seed populations 
of mixed grass prairie and fescue grasslands, including sites ranging 
from ungrazed to heavily grazed. Seed bank studies in relation to 
surface mine reclamation have been even fewer. Beauchamp ej: al. (1975) 
studied Wyoming sagebrush-grass topsoils as a potential seed source for 
reseeding strip mined soils, and Brophy (1980) studied viable seed popu­
lations in soils of revegetated North Dakota coal strip mines.
This study was concerned with estimating the viable seed population 
in native soil prior to mining for North Dakota lignite coal. Estimates 
of this type can be helpful when considering the early successional 
processes after an area has been mined and topsoiled. Comparisons 
between initial pioneering vegetation and the seed bank of the topsoil 
can be made to determine whether the majority of the colonizers arise 
from the breaking of dormancy of seeds already present in the topsoil or 
from the immigration of seeds from surrounding areas.
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7.2 PROCEDURES 
Sampling
On 17 April 1979, two unmined sites adjacent to active mining sites 
three miles south of Beulah, North Dakota, were sampled for estimation 
of buried seed populations. A total of 50, 5.0 cm diameter cores were 
taken from each site to include 20 replicate samples representing the 
top 7.5 cm of soil, 10 of the 7.5-15.0 cm depth, and 20 of the surface
2.5 cm of soil. Each core was randomly placed and the 7.5- 15.0 cm 
sample was removed from the same hole, as every second top 7.5 cm 
sample. The top 2.5 cm samples were taken adjacent to the above 
mentioned holes. The sites represented native mixed grass prairie; one 
site was ungrazed (hereafter referred to as 'ungrazed') whereas the 
other site had been moderately to heavily grazed ('grazed'). There was 
no known past disturbance at the two sites. In addition to the two 
unmined sites, samples were taken from each of two topsoil stockpiles, 
one placed there one year previously ('1 year old stockpile') and the 
other only one week prior to sampling ('fresh stockpile').
After collection of samples in airtight plastic bags, they were 
transported to the laboratory and stored at 4°C for one month until 
the growth chamber experiment could be initiated. Storage at a near 
freezing temperature prevented seed germination and may have aided in 
the vernalizing of seeds.
1 4 5
Germination and identification
The growth chamber experiment was set up on May 17-18, 1979 as 
follows. A 100 g subsample of wet soil was measured from each sample 
from 7.5 cm depth and a 75 g subsample was taken from the 2.5 cm depth 
samples and placed in 0.5 liter containers on top of a filter paper 
covering 50 g dry sterilized sphagnum peat moss which had been wetted 
with 110 ml deionized water. The water holding capacity of the peat 
aided in keeping the pots moist for optimal germination. The pots were 
placed in a growth chamber and kept adequately irrigated throughout the 
16 months duration of the experiment. The initial conditions of the 
chamber were 14 hr day length at 22°C, 10 hr night at 16°C and 
30-35 microeinsteins/m /sec photosynthetically active radiation 
(PAR). After three weeks the conditions were changed in order to accel­
erate photosynthesis: 15 hr day length at 26°C and 9 hr night length 
at 18°C at a PAR of 54-72. Plants were monitored for growth and 
identified as early as possible in their life cycle. Aids used in the 
identification of seedlings were Dunham ed: al. (1947), Stevens (1963), 
Gleason and Cronquist (1963), Best j3t a K  (1971), and Van Bruggen 
(1976).
Although the experiment was monitored more frequently, the discus­
sion of the data is reported as four periods of germination: (a) those 
seedlings emerging during the intitial four months of the experiment 
(hereafter expressed as 'A'); (b) seedlings emerging during September- 
December, 1979 (B); (c) seedlings emerging during January-April, 1980 
(C); and (d) seedlings emerging during May-September, 1980 (D).
1 4 6
For statistical analysis among sites, calculations were made to 
estimate seeds per core using nontransformed and transformed data, seeds
Oper m at each level (to compare with other workers), seeds per 
mJ at each level (to estimate seeds per volume of soil at each 
level), and Shannon-Weiner seed diversity at each level (to ascertain 
possible future diversity of vegetation and compare among levels). 
Charapness (1949) has suggested using transformed data to reduce the 
variance in small core sampling; I used a modified transformation of
+ (X + 1)^^ as described by Tukey (1977).
7.3 RESULTS 
Grazed site
A total of 320 seedlings emerged from the 50 pots of grazed site 
samples. Leading species were Conyza canadensis with 60 seeds (19%), 
Festuca octoflora with 45 seeds (14%), and Hedeoma hispida with 42 seeds 
(13%) (Fig. 37, Table 29). The populations of weedy species were very 
prominent contributing 44% of the seeds, hundred fourteen seedlings 
(67%) emerged during time period A with a steady decline until only 15 
seedlings (5%) emerged in time period D (Fig. 38). The most important 
depth component was the 0-2.5 cm level, which had 59% of the seedlings 
calculated on a seeds/mz basis, whereas the 2.5-7.5 cm level had 35% 
and the 7.5-15 cm level only had 6%. The grazed site had significantly 
more seedlings/m^ (7,740) than the ungrazed site (3,865) (Table 29).
The seed bank diversity of the grazed site ranked very high in the upper 
layer (3.63) and decreased with depth.
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Fig. 37. Numbers of seedlings emerging from grazed site samples for
each of 27 species over four time periods (A= germinated May- 
August, 1979, B= germinated September-December, 1979, C= 
germinated January-April, 1980, D= germinated May-September, 
1980).
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T ransformed
S i te Depth
(cm)
PI ants/ 
core
S.D. Plants/core S.D.
Plants/
%
Plants/
m3
Seed
d i vers i ty
Important Species % of 
(>5%) tota
Ungrazed 0-2.5 4.25 3.26 3.99 1.71* 2 2 3 5 58 89,1*00 2.99 Artemsia dracunculus 28
0-7.5A
2.40 1.73 3.16 1.20 2860 3 8 , 1 0 0 3.02
Melilotus officinalis 16 
Bouteloua gracilis 8
2.5-7.5 625 16 12,500 Conyza canadensis 5
7.5-15 0.90 1.29 1.96 1.15 1005 26 13,1*00 1.79
Hedeoma hispida 5
Total 0-15 3865 25,800
Grazed 0-2.5 9.05 6.13 5.93 1.78 1*560 59 182,500 3.63 Conysa canadensis 19
0-7.5 6.55 *♦.51 A . 9 6 1.91 721*0 96,500 3.05
Festuca octoflora 14 
Hedeoma hispida 1 3
2.5-7.5 2680 35 53,600 Cerastium brachypodum 10
7.5-15 0.50 0.90 1 . 5 8 0.92 500 6 6700 1 .25
Plantago patagonica 8
Total 0-15 771*0 51,600
Fresh 0-7.5 0.28 0.1*6 1.39 0.65 255 31*00 2.32 Andropogon gerardi 20
Stockpile A. scoparius 20 
Agrostis scabra 20 
Bouteloua gracilis 20 
Festuca octiflora 20
1 Year Old 0-7.5 0.50 0.79 1.62 O. 8 5 520 6900 2.21* Artemesia frigida 22
Stockpile Conysa canadensis 22 
Androsace occidentalis11
Bouteloua gracilis 11 
Festuca octiflora 11
calculated by difference of 0-2.5 and 0-7.5 cm levels.
Se
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2Fig. 38. Total seedlings emerging/m on the grazed site at 3 depths over
4 time periods (A= emerged May-August, 1979, B= September-
December, 1979, C= January-April, 1980, D= May-September, 1980).
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Ungrazed site
In this case, a total of 142 seedlings emerged from the 50 pots, 
with Artemesia dracunculus (39 seeds, for 28%), Melilotus officinalis 
(23 seeds, for 16%), and Bouteloua gracilis (11 seeds, for 8%) heading 
the list (Fig. 39, Table 29). The ungrazed site had only 7% of the weed 
seedlings. Nearly all of the seedlings (82%) emerged during time period 
A with periods B, C, and D having only 7%, 3%, and 6% of the seeds, 
respectively (Fig. 40). Although the surface 2.5 cm had the highest 
seed density with 58%, the lowest level (7.5-15 cm) had a high number of 
seeds accounting for 26% of the total, calculated on a seeds/m^ 
basis (Table 29). Seed diversity was uniform to the 7.5 cm depth, after 
which it dropped to 1.79. The density of seeds per unit volume was much 
greater in the surface 2.5 cm than the lower depths on both the ungrazed 
and the grazed sites (Table 29).
Stockpiled topsoil
Both fresh and 1-year old stockpiled topsoil were found to be very
low in seed density and diversity (Table 29). The values for 
2  3seeds/m or seeds/m were significantly lower than the native 
areas. There was no significant difference in seed numbers between the 
fresh and the one year old topsoil. Bouteloua gracilis and Festuca 
octoflora were the only species common to both topsoils. Andropogon
scoparius and Agrostis scabra were present only in the freshly stock­
piled topsoil.
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Fig. 39. Numbers of seedlings emerging from ungrazed site samples
for each of 24 species over four time periods. (A= emerged 
May-August, 1979, B= September-December, 1979, C= January- 
April, 1980, D= May-September, 1980) .
153
£  - Agropyron snrithii 
S -  Androsace occidentalis
Artemisia absinthium 
A. dracunaulus 
A. frigida
A . ludoviciccna 
Bouteloua curtipendula
B. gracilis 
Conyza canadensis 
Euphorbia sp.
"fern"
Festuca octoflora 
Hedeoma hispida 
Koeleria pyramidata 
Laatuca canadensis 
[]- L. serriola
Melilotus officinalis 
Panicum capillare 
Poa compressa 
Poa spp.
Ratibida columnifera 
Stipa sp. 
other forbs 
other grasses
9 N I 9 U 3 W ] j  S 9 N I 1 Q 3 3 S  d39WnfyJ
Se
ed
s
3000
2000
Total
Overall depth level (cm)
0-2.5 = 58%
2.5-7.5 = 16%
■ 7.5-15 = 26%
0-2.5
CNII
1000
0
7.5
15
2.5-
7.5
m E J
l
A
Overall time of emergence 
A = 71%
B = 7%
C = 12%
D = 10%
1  E 3 m I I 3 _
B C
B  — ESI
D
Time Period
2Fig. 40. Total seedlings emerging/m on the ungrazed site at 3 depths 
over 4 time periods in the seed bank experiment (A= emerged 
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April, 1980, D= May-September, 1980).
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1.4 DISCUSSION
The main purpose of this investigation was to evaluate whether the 
seed bank on native sites was important as a seed source for the colon­
izing vegetation on revegetating coal mines. Species lists of the 
several early successional stages have been compiled (Table 2), and 
comparisons between the two studies can help to determine whether the 
colonizing vegetation relied on dispersal in time (through dormancy) or 
dispersal in space. In this case, it appears that most colonizers 
relied on dispersal in space, as very few of the seeds represented 
colonizing species (Figs. 37, 39). The only pioneering species present 
in the North Dakota surface mines (and appearing in the seed bank) were 
Conyza canadensis, Panicum capillare, Lactuca serriola, Lepidium densi- 
florum, Poa sp., and Ambrosia sp. No viable seeds were found in the seed 
bank that belonged to the most important North Dakota surface mine 
colonizers, namely, Kochia scoparia, Setaria viridis, and Salsola 
collina. Chepil (1946) has done some investigations on the dormancy 
lengths for a number of weedy species in Saskatchewan. He found Kochi a 
trichophylla (=scoparia) seeds to have a very short dormancy period of 
2-3 months, while Salsola Pestifer (=iberica) and Setaria viridis seeds 
had viable dormancies of less than one year. The absence of certain 
colonizers from the seed bank indicated that most of the seeds of these 
colonizers arrived after the respreading of the topsoil. Wind and water 
dispersal was probably most responsible for the rapid colonization, 
especially for the "tumbleweed" chenopods Kochia and Salsola. Disper­
sion by animals also may cause some immigration of seeds. Further 
evidence for dispersal in space came from the paucity of such seeds in
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the stockpiled topsoil (Table 29). Only 14 seedlings emerged from the 
36 samples taken from two differently aged stockpiles. This indicated 
that the colonizers probably invaded for the most part by space 
dispersal mechanisms rather than by dormancy-breaking phenomena occur­
ring in the respread topsoil.
However, there is evidence that spreading topsoil is beneficial for 
reintroducing some of the species which do not colonize readily.
Species such as Hedeoma hispida, Plantago patagonica, Artemesia ludovi- 
ciana, and A. frigida may get their start from seeds lying dormant in 
the repread topsoil (see Table 2 for comparisons between the seed bank 
and the vegetation occurring on mined and a different unmined site).
When comparing among sites, the grazed site had a significantly 
higher seed bank population than the ungrazed site, and both had signif­
icantly greater seeds than the stockpiled topsoil (Table 29). The 
paucity of seeds in the stockpiled topsoil (also found by Brophy 1980) 
may be due primarily to the fact that the top of the stockpile (where 
the samples were collected) had the lower levels of original topsoil, 
since they are the last to be removed, and characteristically have 
reduced quantities of seeds (Table 29, Figs. 38, 40). There may also be 
some loss of viable seeds while stored in the stockpile. More research 
needs to be done to determine long term seed viability in topsoil stock­
piles .
2Along with a greater number of total seeds/m the grazed site 
also had a much higher proportion of weedy seeds (44%) as compared to 
the ungrazed site (7%). In fact, most of the additional seeds can be 
attributed to weedy species. The effect of grazing on the weed seed
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fraction of the seed bank was also seen on the Kansas shortgrass prairie 
(Lippert and Hopkins 1950). They found the overgrazed shortgrass 
prairie seed bank to be composed of 85% weedy seeds, whereas the moder­
ately grazed shortgrass prairie had 58% of its seed bank of the weedy 
type. The increase of weed seed populations on heavier grazed areas 
can be attributed mostly to the favoring of short, weedy species by 
grazing pressure and the fact that the reproductive strategy of weeds 
dictates that little energy is invested per seed but many seeds are 
produced.
The effect of depth on the seed bank was also investigated; the 
surface layer has the highest concentration of seeds (Table 29), as 
expected. Seeds are brought down into the lower horizons by physical 
means, such as washing down fissures, and by biotic activity, such as 
insects storing seeds beneath the surface. The grazed site, though 
having twice as many total seeds, did not have nearly as high a concen­
tration of seeds in the 7.5-15 cm level as did the ungrazed site (Table 
29). This most probably is the result of increased compaction on the 
grazed site due to trampling with the concomitant reduction in fissures 
and/or insect tunnels needed for seed penetration. Major and Pyott 
(1966) also found a higher proportion of seeds at the surface on a 
grazed site in California.
Seed diversity also decreased with depth on both sites, though more 
dramatically on the grazed site. This can again be attributed to 
compaction, with only the very small seeds (i.e., Melilotus officinalis, 
Festuca octoflora, Conyza canadensis) penetrating to the 7.5-15 cm
depth. Additionally, diversity would be lower in the lower levels if
1 5 8
some of the small seeds that do penetrate are from species with soft 
seed coats and consequently short dormancy periods.
With regards to time of emergence, most seedlings emerged during 
the first four months of the experiment (May-August 1979), with 61% of 
the grazed (Fig. 38) and 71% of the ungrazed (Fig. 40) site seedlings 
emerging in time period A. This would be expected since May-August 
would be the normal germination period for most of the species, and the 
short period dormancy seeds would have to germinate or die during the 
first period. Interestingly enough, the two species most commonly found 
germinating after time period A (Conyyza canadensis and Festuca octo- 
flora) (Figs. 37, 39) were also the main two species found in the lowest 
depth level. This again points out that those species with long 
dormancy periods have a better chance of surviving in the lower depths.
In order to compare the results of this seed bank study to others,
a compilation of results is given in Table 30. The range of total 
oseeds/m is 125 in a Wyoming sagebrush community (Beuchamp £t al.
1975) to 19,240 in a Denmark cultivated field (Jensen 1969). Differing 
depths of analysis, time for allowing germination, methodologies, and of 
course, field conditions and community types are reasons for the large 
range of seed densities. In general, cultivated or highly grazed areas 
tend to have the greatest seed concentration. Results of this study are 
well within the range found by other workers.
At any rate, the seed bank of the pre-mined prairie sites seems to 
have a bearing on the post-mined vegetation, but this study indicates 
that seeds of most of the initial colonizers after reclamation are not 
lying dormant in the prairie seed bank, but rather they immigrate from 
the surrounding environs after the topsoil is respread.
Table 30. Some comparisons o f  this seed bank study wi th
1nvest i gat ion Study Si te
Iverson (this study) North Dakota prairie
grazed site, mixed grass 
ungrazed site, mixed grass
Brophy (1980) ungrazed mixed grass prairie 
six year old mined site
Lippert and
Hopkins (1950)
Kansas
grazed mixed grass prairie 
overgrazed short grass prairie 
grazed short grass prairie 
25 year old abandoned field
Johnston et al. (19 6 8 ) Alberta
ungrazed rangeland 
heavily grazed rangeland
Beuchamp et al. (1975) Wyomi ng
sagebrush grass
Major and Pyott (1966) Cali fornia
ungrazed bunchgrass 
grazed bunchgrass
Robinson (1949) Mi nnesota 
cropland
Roberts (1963) England
arable land
Jensen (1969) Denmark
arable land
of  ot he r w o r k e r s .
Depth, cm
2
Total seeds/m Method
0-15 77 40 Germination from cores
0-15 3870 for 16 months.
0-7.5 990 Wash i ng/tetrazoli urn.
0-7.5 2460 Washi ng/tetrazoli urn.
0-1 . 2 5 440 Germination in boxes
0-1.25 3640 from 930 cm2 samples
0-1.25 760 for 75 days.
0-1.25 5130
0-2.5 2970 Germination from cores
0-2.5 3240 for 3 weeks.
0-5 490 Germination in flats 
from 100 cm2 samples 
for 6 weeks.
0-5 8230 Germination from cores
0-5 12,290 for 6 months.
0-15 8300 Germination from cores
0 - 1 0 8600 Germination from cores 
for 2 years.
0-20 19,240 Germination from cores 
for 2 3 months.
Chapter VIII
MANAGEMENT ASPECTS
8.1 INTRODUCTION
Management practices are very important whenever productivity 
and/or diversity are goals, as they are in revegetation after mining.
In this chapter, preliminary experiments on two management practices - 
mowing and burning - are discussed.
As described previously, it is thought that Kochia scoparia behaves 
as a nurse crop for the first several months of the first year while the 
seeded grasses were being established. However, there is evidence that 
Kochia causes reduction in grass tillering due to shading toward the end 
of the first season. The typical extremely high density Kochia in the 
second year also may be hampering grass establishment. The mowing 
experiment therefore deals with cutting the Kochia in the first year at 
different times before seed set, and monitoring the results in the 
second year.
Burning has been shown to enhance production and diversity in many, 
but not all, ecosystems (Kozlowski and Ahlgren 1974). Fire has been an 
important factor affecting productivity in grasslands, and numerous 
workers have shown that fires affect herbage production, litter struc­
ture, culm production, species composition, and soil water in the Great 
Plains (Daubenmire 1968, Wright 1974). However, the reported burning 
responses are not the same throughout the grasslands: fires stimulate
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production in some regions, inhibit in others, and have no significant 
effect in most. For example, Hadley (1970) reported stimulation of 
production of upland grasses in eastern North Dakota, and Dix (1960) 
found a reduction in production by burning in western North Dakota.
r
Stimulations were also reported following spring burning in Wisconsin 
(Curtis and Partch 1950), in Iowa (Ehrenreich 1959, Ehrenreich and 
Aikman 1963), in Missouri (Kucera £t a!L. 1967), and in Illinois (Hadley 
and Kieckhefer 1963); while inhibitions were also reported for south­
western Saskatchewan (Clarke ^t a^ L. 1943) and New Mexico (Dwyer and 
Pieper 1967). Regional effects in burning response have been correlated 
with rainfall and litter accumulation (Kucera jat ^L. 1967). The bene­
ficial effects of litter removal, such as improved light and temperature 
relations at the soil surface and resultant earlier spring growth might 
be negated by increased water losses and lower available soil moisture 
under low rainfall conditions. In addition, numerous cases of differen­
tial effects on species are reported in the literature. For example, 
Anderson ej: al. (1970) found fire to favor warm season grasses and 
hinder cool season grasses in Kansas.
Since the aims of adequate revegetation are to increase plant 
production and diversity (especially to assist warm season grass estab­
lishment), it was deemed worthwhile to investigate the effects of 
burning on surface mined revegetation. Since the revegetating surface 
mine does not resemble the native grasslands very closely, one must use 
caution in comparing it to fire studies conducted on native prairies. 
Although the study sites generally have low rainfall, suggesting a nega­
tive burning response, revegetating sites also are characterized by
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higher litter accumulation (suggesting a positive burning response). 
Litter removal by burning normally results in increasing the available 
nutrient pool, creating suitable microsites for germination, scarifica­
tion of some seeds, increased solar irradiation on the surface, and 
increased soil temperature earlier in the spring. However, the 
increased erosion and decreased soil water after burning are deleter­
ious. Two experiments were thus designed to evaluate the effects of 
spring burning on revegetating surface mines. The first deals with 
burning Kochia stalks and young seedlings to see how it alters the early 
succession (2-3 years after mining), and the second tests a site 
reclaimed by Agropyron spp. (6 years old) for production after burning.
8.2 PROCEDURES
Mowing of Kochia on one year old site
An experiment was conducted in conjunction with Knife River Coal 
Company, Beulah, North Dakota, during the summers of 1976 and 1977 to 
evaluate the effect of mowing first year areas on the establishment of 
planted Agropyron spp.
After the area was recontoured, topsoiled, and seeded in late 1975 
to a native grass mix consisting mostly of several species of Agropyron, 
four plots approximately 15 x 60 m were uniformly established. The 
vegetation of three plots, consisting mostly of Kochia, was mowed to a 
height of 15 cm with a rotary mulching mower at varying intervals 
throughout the growing season on (1) 15 July, (2) 28 July, and (3) 18 
August, 1976. The fourth plot was not mowed and used as a control. At 
the time of mowing, Kochia density and height estimates were recorded.
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The following year, on 10 August, 1977, these four plots were 
sampled for biomass, density, and plant size. Six 0.25 x 0.25 m quad­
rats were randomly placed over each plot; height and density of plants 
contained therein were recorded and the plants were clipped and separ­
ated for biomass estimation. Sampling was conducted individually for 
(1) the planted Agropyron grasses, (2) Kochia scoparia, and (3) Salsola 
collina, another important colonizing species.
Spring burn of Kochia on two year old site
During the 1978 growing season an experiment to determine the 
effect of spring burning on planted grass establishment was conducted, 
area on Knife River Coal Company's Beulah mine was recontoured, 
topsoiled, and seeded as usual by the company in the fall of 1975. 
However, the growth was anomalous during the first two seasons and did 
not show the characteristic pattern of growth of large Kochia in year 
one and extremely high densities of small Kochia plants in year two. 
Instead, second year growth was characteristic of the typical first year 
growth, and third year Kochia plants were small and dense. The reason 
for this anomalous pattern may be a result of insufficient seeds immi­
grating for colonization in the first year. Two 10 x 10 m plots were 
established, one served as a control, and the other was burned with a 
blow torch on 3 May, 1978. Just prior to the burn, Kochia and grass 
density and height were recorded. On 25 August, 1978, these areas were 
sampled for Agropyron and weed density, height, and biomass using stan­
dard techniques. Six 0.25 x 0.25 m replicates were taken from each
treatment.
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Spring burn of grasses of six year old site
On 17 April, 1979, approximately 12 ha were burned on a mined site, 
four miles south of Beulah, North Dakota. Five growing seasons had been 
completed since this area had been mined, regraded, and reseeded with a 
native grass mix. The litter and standing dead material were dry, there 
were no green shoots at the time, the wind was quite brisk, and a super­
ficial burn resulted.
Prior to the burn, seven 0.25 x 0.25 m quadrats were randomly 
placed throughout the control and the burned areas to estimate the 
litter and standing dead values. The vegetation was sampled three times 
during the first growing season (16 June, 18 July, and 17 August, 1979). 
For the June sampling date, six 0.25 x 0.25 m quadrats were used on the 
control and six on the burn treatment, while four 0.5 x 0.5 m quadrats 
were used on each treatment in July and August. Vegetation sampling was 
also conducted on 23 July, 1980 (second season after burning), using six 
0.5 x 0.5 m quadrats on each treatment. Stem density (only 1979), 
litter, standing dead, and live biomass (using the summation of species 
method) were estimated for each treatment. Comparisons of vegetation 
characteristics could then be made between treatments.
During the first growing season after the burn, the soils were 
sampled three times for soil moisture (17 June, 18 July, and 23 August, 
1979). Four replicate samples were taken from each treatment (burn vs. 
control) During the second post-burn growing season, soil sampling was 
conducted three times (9 June, 9 July, and 14 August, 1980), with repli­
cates per treatment numbering four, ten, and five, respectively. Soil 
moisture percentages were determined gravimetrically.
1 6 5
8.3 RESULTS
Effect of mowing on Kochia
Kochia growth at the time of mowing was typical for the first year
o
after mining, with density estimated at 40-60 plants/mz and maximum 
height about 100 cm by the end of July, 1976.
The following year (first season after mowing) was also typical in 
the control plot for second year Kochia. August, 1977 sampling showed 
Kochia density at 3360 plants/m , biomass at 166 g/nr, and 
height at 34 cm (Figs. 41-43). However, the effect of mowing on Kochia 
was evident as plots from each mowing date had successively fewer Kochia 
plants/m^ and lower biomass/m^ (Figs. 41, 43). The stands of 
Kochia were clearly diminished if the area was mowed the previous year, 
with the effect most pronounced when mowed at mid August, the time just 
before Kochia sets its seed.
On the other hand, planted Agropyron spp. diversities, biomass, and 
heights all increased with mowing in a inverse relationship to that of 
Kochia (Figs. 41-43) and maximum Agropyron spp. stands occurred in the 
plot mowed mid August, 1976.
Salsola also showed increased biomass with mowing (Fig. 42), but 
its density was so low (Fig. 41) that its effect on the other species 
was not great.
Effect of burning of Kochia
The burn area was characterized by dense Kochia plants less than 5 
cm and grasses about 15 cm in height at the time of the burn. Burning 
the area on 3 May after all the vegetation had emerged appeared to have
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a detrimental effect, as the planted Agropyron grasses were adversely 
affected and the weedy vegetation was stimulated by the burn treatment 
(Table 31). Although due to high variability and too few replicates 
there were no significant differences, grass density, number of stems, 
height, and biomass were all greater in the unburned control, whereas 
weed density, height, and biomass were all greater in the burn treat­
ment .
Effect of burning on six year old sites
Soil water was significantly lower on the burned site than on the 
control site during the first year, and even in August of the second 
year after burning (Fig. 44). Large fluctuations in soil water during 
the two year period were apparent.
As would be expected, the burn removed all the litter and standing 
dead from the system. Both variables were significantly lower on the 
burned site throughout the first year, with the litter layer still 
significantly reduced in the second year after burning (Figs. 45-46). 
Standing dead values were not significantly different in August, 1980 
(though there was a substantial difference in means). Both litter and 
standing dead increased in the early part of the summer of 1979 when 
most of the growth (and death) of cool season grasses occurred.
Although differences in total aboveground biomass were not statis­
tically different, total production appeared to be slightly enhanced by 
the burning (Fig. 47). A breakdown of the total biomass values into 
components of the major species showed that, in the first year of the 
burn, the Agropyron spp. (A. caninum and A. smithii) were stimulated by
Table 31. Burning experiment showing effect of burning on 3 May, 1978 
on grass and weed density, height and biomass, sampled on 
25 August, 1978 (means of 6 replicates).
D e n s i t y  (plan
2 2 
ts /m ) S t e m s / m He i g h t  (cm)
2
Bi om as s (g/m )
P l a n t e d  Agropyron Gr a s s e s
Control 24.7 92.7 67.2 45-5
Burn 22.7 56.0 45.2 20.7
W e e d y  A n n u a l s
Control 58.7 16.3 9.1 §
Burn 78.0 38.7 18.1
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burning while Stipa sp. was depressed (Table 32). Except for A. 
caninum, this trend did not hold in 1980.
Density measurements in 1979 showed a significant reduction of 
Stipa stems due to burning and there were no other significant trends 
(Table 32).
8.4 DISCUSSION
These preliminary experiments have provided some practical informa­
tion on management aspects intended to hasten the revegetation process 
on surface mined lands.
Results from the mowing experiment indicate that mowing of first 
year annual weeds holds much promise in attaining earlier and more 
substantial grass stands. Results showed that mowing large Kochia 
annuals just before seed-set (early to mid August) caused the Kochia 
population in the following year to be substantially reduced, resulting 
in better Agropyron grass yield (Figs. 41-43). Mowing of erect annual 
weeds has been shown to be very beneficial in reducing seed production 
if mowing was carried out prior to the seeds becoming viable (Gill 1938, 
Dersheid and Schultz 1960, Klingman and Ashton 1975). However, if 
mowing is conducted too early, Kochia may grow back and still produce 
large numbers of seed. Thus, mowing Kochia in early to mid August seems 
to optimally benefit the next year's revegetation process.
Several reasons for the reduction of Kochia and increase of Agro­
pyron can be hypothesized: (1) Kochia seed was substantially reduced (as 
evidenced by decreased density (Fig. 41)), resulting in less competition 
for available water, nutrients, and light; (2) light penetration
Table 32. Effects of burning a 6 year old site on species biomass and density in the 2 years 
after the burn.
Sampl?ng Date
6-79 7- 79 8- 79 7- 80
-2
Biomass, g m
^Agropyron spp.
Control Burn Control Burn Control Burn Control Burn
- 98.2 137.8 66.8 106.8* - -
A. smithii - - - - - 51 .3 33-3
A. caninum - - - - - 2.7 28.5
A. cristatum - 44.3 36.3 43.7 44.0 1.8 1 .2
Stipa spp. - 33.0" 11 .2 27.8* 3.5 4.6 3.4
Total 76.5 91.7 178.6 199-0 144.5 154.3 60.6 70.1
' -2 Density, stems m
Agropyron spp. - 597 1091 869 835 - -
A. cristatum - 277 261 191 369 - -
Stipa spp. -
s\
501 195 275"" 68 - -
Total 1013 840 1389 1568 1349 1272 - -
'A . smithii and A. caninum lumped together for 1979 sampling.
2
Density recorded only in 1979.
* Significant at 0.05, or **0.01 level using Student's t test.
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increased after mowing, as dead Kochia stocks from the previous year, if 
left intact, tend to shade the young grasses; (3) increasesd light pene­
tration after mowing also allowed for soil surfaces warming earlier the 
next spring, thus providing for rapid grass emergence; and (4) the 
phytotoxins released from decaying Kochia after mowing had their effects 
earlier. At any rate, mowing should be pursued as a worthwhile endeavor 
in the revegetation of mined lands.
Results from the burning of Kochia experiment, however, indicated 
no benefits. The desirable species were hindered, whereas undesirable 
species were stimulated (Table 31). However, timing is critical when 
conducting a burn treatment (Anderson 1965, Vogl 1974). This experiment 
was conducted after the grasses and high-density Kochia had emerged (a 
disadvantage of living 420 km from the site). Since scorching the young 
grasses as they are emerging in this fragile ecosystem may kill a number 
of them, burning prior to the date of grass emergence or later in the 
spring may prove beneficial (Anderson 1965). Kochia germinates very 
early in the spring (Chepil 1946, Erickson 1947); therefore, burning 
between Kochia germination and grass emergence may reduce the competi­
tion from weeds. More work needs to be conducted along these lines.
For the study of the effect of burning on primary production of 
reclaimed areas, the results are not conclusive. Although the mean 
total live biomass was always higher on the burned site, it was never 
significantly so. But there was no evidence for decreased productivity 
after burning, which Redmann (1978) describes as common on semi-arid 
grasslands. However, there were some apparent differences in produc­
tivity among the major species, i.e. , Stipa density and productivity
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were diminished by burning whereas Agropyron spp. were enhanced (Table 
32). These differences may have been related to their genetic tolerance 
for water stress and their capacity to utilize increased light and 
possibly increased available nutrients. Competition among species may 
have also been very important under the different environmental regimes. 
For example, Wali (1979b) found that where production of Agropyron spp. 
was reduced, Stipa viridula was increased. In 1979, total biomass 
followed a pattern of maximum production in July, when the cool season 
grasses are at their peak. The July, 1980 sampling showed very low 
productivity, probably due to the very low soil moisture levels at the 
time (Fig. 44). In fact, total productivity was highly correlated to 
soil moisture on both sites (r = +0.85 for control, r = +0.87 for burned 
site, both significant at 0.01 level).
Similarly, litter and standing dead peaked in July, 1979, when 
Agropyron spp. were dying most rapidly. During July, more moisture and 
higher temperatures probably hastened decomposition so that August 
values were reduced slightly from July for each measurement. Standing 
dead levels, though widely different in 1979, were not significantly 
different in 1980, due to the equalizing effect of the 1979 production. 
Litter levels of the burned site logically would have a greater lag time 
to catch up to the levels of the controls, and were still significantly 
depressed in 1980.
Soil water levels being reduced in the burn treatment was probably 
due to the loss of litter and standing dead biomass which resulted in a 
higher heat load on and, consequently, greater evaporation from the 
blackened surface. Another reason for reduced water in the burned
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treatment could be reduced infiltration rates as a result of increased 
runoff from from the barren surface, as reported by McMurphy and 
Anderson (1965). Though no quantification was made in this study, water 
erosion visually appeared greater for several months after the burn. 
Microclimatic changes resulting from fire also can influence plant and 
soil water relations (Daubenmire 1968). The reduced soil water level 
undoubtedly was important in the subsequent plant composition and 
production on the site.
Soil water levels correlate very highly to precipitation near the 
site, as one would expect (see climatographs for 1979-1980, Figs. 7-8). 
The high variability in soil water levels was related to the huge fluc­
tuations in precipitation.
Chapter IX
SUMMARY AND CONCLUSIONS
1. Kochia scoparia was the dominant pioneering plant after recla­
mation on North Dakota surface mined lands, with Setaria viridis,
Salsola collina, and Polygonum convolvulus also important.
2. The early colonizing species were rapidly eliminated and the 
floristic composition completely changed by four years after mining.
3. There was some evidence for allelochemic influences (e.g., 
later colonizers inhibiting early colonizers, and autotoxicity in 
Kochia) as well as competitive influences (e.g., intraspecific competi­
tion in Kochia) to be at least partially responsible for the rapid 
decline of the early colonizers.
4. Even after four years, the composition and diversity of plants 
were much richer on the unmined prairie than on the mined sites.
5. Planted species composition on mined sites consisted entirely 
of cool season grasses whereas the unmined site was dominated by warm 
season grasses.
6. There was evidence for leaching of salts down the profile in 
the years after mining; water soluble and replaceable Ca, Mg, Sr, and 
Li, E.C., S0^} and EDTA extractable Cu, Ni, and Fe all decreased 
from the upper 15 cm in the years following mining.
7. Kochia was found to conform to the -3/2 power law of self-thin­
ning, the reciprocal yield law, and the law of constant final yield when
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growing in pure stands either in the field or the growth chamber. 
Intraspecific competition may be an important factor causing reduction 
of Kochia vigor in second year Kochia stands.
8. Interspecific competition does not appear to be occurring very 
intensely between the Agropyron grasses and Kochia in the first two 
years. There is some evidence that shading by large, first year Kochia 
plants causes reduced tillerage of the Agropyron grasses, but there was 
little evidence of second year grass populations causing the elimination 
of Kochia.
9. Autotoxicity, created by decaying first year Kochia leaves and 
roots, appears to be the primary reason for the rapid decline of Kochia. 
Laboratory experiments repeatedly showed the Kochia leaves and roots to 
be toxic; a field experiment on the second year area showed that thinned 
Kochia stands did not significantly outgrow the dense Kochia stands 
(controls). The toxins behave as phytohormones; low concentrations are 
stimulatory whereas higher concentrations are inhibitory.
10. Nutrient imbalances may be responsible for the stunted Kochia 
growth as P/Zn an P/Mn ratios were doubled on Kochia leaves-treated 
plants.
11. There was some evidence that the toxins present in Kochia may 
decrease its susceptibility to pathogens and predators and it was shown 
that the cocklebur weevil larvae invaded Kochia less frequently than the 
other large early colonizers.
12. It was apparent from the seed bank studies that seeds of 
Kochia scoparia and some of the other major colonizers were not present 
in the soil at the time the topsoil was replaced after mining, rather
1 8 2
they immigrated from the surrounding environments by wind, water, or 
possibly animal dispersion.
13. The grazed site in western North Dakota contained a greater 
density of seeds than the ungrazed site (7,700 vs. 3,900 seeds/m^), 
but the increase was due mostly to an increasing weedy fraction.
14. Stockpiled topsoil was not found to contain many viable seeds.
15. Mowing of first year Kochia plants was beneficial in hastening 
the early successional processes whereby Kochia was reduced in biomass 
to 1/4 and Agropyron grasses increased their biomass eight times after 
mowing in the previous August.
16. Burning of dense Kochia stands early May did not help grass 
establishment. The Agropyron spp. shoots as well as the Kochia 
seedlings had emerged and some scorching had occurred.
17. Burning of a six year old site resulted in a reduction in soil 
water, litter, and standing dead, and some changes in species composi­
tion, but no difference was detected in total live biomass production.
18. Kochia appears to act as a "nurse" crop initially, for it 
shades the sun, protects against wind erosion, and keeps surface temper­
atures lower and moisture levels higher. However, by end of first year, 
Kochia shade more intensely causing a reduction of grass tillering. The 
second year thick Kochia stands also probably reduce grass productivity, 
as evidenced by the mowing experiment. Mowing appears to be the best 
method of utilizing the beneficial "nurse" crop effects of Kochia, yet
reducing the shading and density problems that occur later on.
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APPENDIX I
Species Seeded by the Knife River Coal Mining Company 
at the Study Sites
Rate of Application
Spec ies kg/ha Date Seeded*
Secale cereale (cover) 22.5 3
Avena sativa (cover) 20.2 1, 2, 4
Agropyron smithii 6.7 1, 2, 3, 4
Stipa viridula 5.6 1, 2, 3, 4
Agropron caninum 4.5 1, 2, 3, 4
A. elongation 2.3 1, 2, 4
A. trichophovum 2.3 1, 2, 4
A. cristatum 2.3 4
Bouteloua curtipendula 2.3 2, 3
Andropogon saoparius 2.3 2, 3
Melilotus officinalis 1 .1 1, 2, 3, 4
Coronilla varia var. emerald 1 .1 4
Medicago sativa 1.1 1
*1 = November, 1976; 2 = September, 1975; 3 = September 1974; 4 = Sep
tember, 1973
Site Information
1. A M  areas had 13~20 cm topsoil replaced after contouring. Topsoil 
was taken from closely located, similar, lightly grazed prairie and 
stockpiled for 1-2 years (which drastically reduces viable seed 
populations). Seed populations are, therefore, assumed to be roughly 
equivalent in numbers and kind for each site..
2. Areas were fertilized with 225 kg/ha of NPK as ^ j P ) q K | q the time 
of sowing.
3. All areas had approximately the same slope angles, position and 
aspect.
A. All areas were located 0.1-0.5 km from lightly grazed prairie.
5. Winter annuals do not occur in this region due to the severity of 
winters. Therefore, if the area is sown after early September, it 
will remain unvegetated through the winter and establishment will 
begin in the spring.
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Append i x II
Amavanthus albus L. 
Amavanthus graecizans L . 
Amavanthus retro flexus L.
Amaranthaceae
Apocynaceae
Apocynum cannabinum L .
Asclepia daceae
Asclepius vividiflora Raf.
As teraceae
Achillea lanulosa (Nutt.) Piper. 
Ambrosia trifida va r . trifida L . 
Artemesia absinthium L.
Artemesia dracunculus L.
Artemesia frigida Willd.
Artemesia lucbviciana Nutt.
Aster ericoides L.
Aster oblongifolius Nutt.
Aster laevis L.
Chrysopsis villosa (Pursh) Nutt. 
Conyza canadensis (L.) Crong. 
Echinacea angustifolia DC.
Erigeron pumilus Nutt.
Grindelia squarrosa (Pursh) Dunal. 
Helianthus annuus L.
Helianthus maximiliana Schrad. 
Helianthus petiolaris Nutt. 
Helianthus rigidus (Cass.) Desf. 
Haplopappus spinulosus (Pursh) DC. 
Iva xanthifolia Nutt.
Kuhnia eupatorioides L.
Laatuoa serriola L.
Liatris punctata Hook.
Lygodesmia juncea (Pursh) D. Don 
Ratibida columnifera (Nutt.) Woot. 
Solidago missouriensis Nutt. 
Solidago mollis Bartl.
Tragopogon dubius scop.
Xanthium strumarium L.
Tumbli ng Pigweed 
Creeping Pigweed 
Rough Pigweed
Indian Hemp
Green Milkweed
Y a r row
Ki nghead
Wormwood
Green Sage
Little Sage
Wh i te Sage
White Prairie Aster
Aromatic Aster
Smooth Blue Aster
Golden Aster
Horseweed
Purple Core-Flower 
FIeabane 
Gumweed
Common Sunflower 
Maximilian's Sunflower 
Sand Sunflower 
Stiff Sunflower 
Iron Plant 
Marsh Elder 
False Boneset 
Prickly lettuce 
Narrow-1eaved Blazing Star 
Skeleton Plant 
& Standi. Coneflower
Early Golden rod 
Soft Goldenrod 
Yellow Goatsbeard 
Cocklebur
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Borag i naceae
Lappula echinata Gilib. 
Lithospermum incisum Lehm.
Blue Stickseed
Narrow-1eaved Puccoon
Cactaceae
Coryphantha vivipara (Nutt.) Britt. S Br. 
Opunatia polycantha Haw.
Pincushion Cactus 
Prickly Pear
Capri foliaceae
Symphoricarpos occidentalis Hook. Wolfberry
Chenopod i aceae
Chenopodium album L . 
Chenopodium leptophyllum Nutt. 
Koahia scoparia (L.) Schrad. 
Salsola collina Pall.
Lamb's Quarters
Narrow-1eafed Goosefoot
Summer Cypress
Salsola iberica Sennen & Pau. Russian Thistle
Cruci ferae
Arabis holboellii Hornem. 
Brassica kaber (D.C.) Wheeler
Rockcress
Charlock
Descurainia sophia (L.) Webb 
Lepidium densiflorum Schrad. 
Sisymbrium altissimum L. 
Thlaspi arvense L.
Peppergrass 
Tumbling Mustard 
Pennycress
Equ i setaceae
Equisetum laevigatum A. Br. Horseta i1
Euphorb i aceae
Euphorbia podperae C ro i z . Leafy Spurge
Fabaceae
Glyoyrrhiza lepidota Pursh.
Lotus purshianus Clem. & Chem 
Mediaago sativa L.
Melilotus officinalis (L.) Lam. 
Oxytropis lambertii Pursh. 
Petalostemum candidum Michx. 
Petalostemum purpureum (Vent.) Rydb. 
Psoralea argophylla Pursh.
WiId Licorice
Prairie Bird's-Foot Trefoil 
A1 fa 1 fa
Yellow Sweet Clover 
Purple Locoweed 
White Prairie Clover 
Purple Prairie Clover 
Silver Leaf
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Gentiana puberulenta Pringle Downy Gentian
Lami aceae
Hedeoma hispida Pursh. Rough Penny Royal
Gent i anaceae
L i naceae
Linum rigidum Pursh. Yellow Flax
Onag raceae
Calylophus serrulatus (Nutt.) Raven Tooth-leaved Evening Primrose
Gaura coccinea Pursh. Gaura
Plantagi naceae
Plantago patagonioa Jacq. Buckhorn
Poaceae
Agropyron caninum (L.) Beauv. 
Agropyron cristatum (L.) Gaertn. 
Agropyron elongatum (Host) Beauv. 
Agropyron smithii Rydb.
Andropogon gerardi V i t.
Andropogon scoparius Michx.
Aristida longiseta Steud.
Arena fatua L.
Bouteloua ourtipendula (Michx.) Torr. 
Bouteloua gracilis (H.B.K.) Griffiths
Bromus inermis Leyss.
Bromus japonicus Thunb.
Calamovilfa longi folia (Hook.) Seri bn. 
Echinochloa crusgalli (L.) Beauv. 
Elymus canadensis L .
Hordeum jubatum L.
Koelaria pyramidata (Lam.) Beauv. 
Panicum capillare L.
Poa pratensis L.
Setaria glauca (L.) Beauv.
Setaria viridis (L.) Beauv.
Stipa comata Trin. £ Rupr.
Stipa spartea Trin.
Stipa viridula Trin.
Slender Wheatgrass 
Crested Wheatgrass 
Tall Wheatgrass 
Western Wheatgrass 
Big Bluestem 
Little B1uestem 
Red Threeawn 
Wild Oats 
Side Oats Grama 
Blue Grama 
Smooth Brome 
Japanese Chess 
Sandreed 
Barnyard Grass 
Canada Wild Rye 
Foxta i1 Bar 1ey 
Junegrass 
Wi tchgrass 
Kentucky Bluegrass 
Yellow Foxta i1 
Green Pigeongrass 
Needle and Thread 
Porcupine Grass 
Green Needlegrass
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P o 1ygonaceae
Polygonum aviculave L. 
Polygonum convolvulus L. 
Polygonum ramosissimum Michx. 
Rumex crispus L .
Rosacea
Rosa arkansana Porter
Knotweed 
Wild Buckwheat 
Bushy Knotweed 
Curled Dock
V i olaceae
Viola pedatifida G. Don Prairie Violet
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